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I. INTRODUCTION 


A. BACKGROUND 

The thrust chamber test program documented in this report supports the 
NASA-OAST plans for development of a new Orbit Transfer Vehicle (OTV) to be 
operational in the late 1990's. Critical to the economical operation of a space based 
OTV is a new O 2 /H 2 rocket engine with capabilities superior to available engines. 

Table I summarizes the available engine characteristics and those required of a new 
engine. In total, these requirements represent a substantial advance in the state-of- 
the-art and a considerable challenge to rocket engine designers. Aerojet 
Techsystems Company (ATC) has selected a unique engine cycle and thrust chamber 
configuration in response to these requirements. 

In a conventional expander cycle engine hydrogen is routed through passages 
in the combustion chamber wall where it both cools the wall and acquires sufficient 
thermal energy to power the turbine drives of pumps for both the hydrogen and 
oxygen flow circuits. It is then routed to the injector for combustion. This cycle is 
fairly simple, plumbing is straightforward, and it offers good performance potential. 
Since all propellant is burned in the combustion chamber it does not have the losses 
of open cycles. Its limitations are related to dependence on only one working fluid 
for turbine drive energy. High turbopump and engine chamber pressures require 
the hydrogen to exit the regen chamber at temperatures very near to the design 
limits for the chamber liner. For copper alloy based chambers this is 1000 degrees F. 
A marked improvement in engine operating flexibility and high chamber pressure 
capability is available if oxygen can be used as a working fluid driving the turbine on 
the oxidizer circuit Turbine Pump Assembly (TP A). This reduces the demands on 
the hydrogen circuit and allows for the turbopumps to be designed without inter- 
propellant seals or mechanical gear train connections. This new engine cycle 
proposed by Aerojet for the OTV, is called the dual expander engine cycle. 

The purpose of the test program documented in this report is to evaluate the 
TCA design proposed for the OTV dual expander engine cycle. The ATC thrust 
chamber design which was proposed for the OTV engine included a hydrogen 
cooled outerchamber and throat, an annular 2-row injector, and an inner body with 
oxygen regenerative cooling. For the actual thrust chamber assembly that was 
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tested, the cooled outerbody, centerbody, and throat section were replaced with 
copper billets machined to the dimensions of the original design. This hardware 
served as a heat sink chamber suitable for injector testing at low (<1000 psia) 
chamber pressures. For higher chamber pressures the heat sink copper throat was 
replaced with a hydrogen cooled throat. Use of the cooled throat allowed test times 
of nearly 2 seconds before any melting would occur in the heat sink combustor. 

The cooled throat was fabricated from a NAS-Z copper alloy billet with 
machined coolant channels of 0.010 inches width. The channels were closed out 
with a specially developed electroformed Nickel-Cobalt co-deposited alloy. This was 
the first successful application of this closeout material. It has material properties 
approximately three times those of a pure nickel closeout. 

B. SCOPE OF WORK 

The Contractor shall provide the necessary personnel to fabricate a LH 2 cooled 
throat section, to conduct hot fire test evaluation and the data analysis for a fully 
variable thrust, thrust chamber assembly using gaseous hydrogen and gaseous 
oxygen as propellants. 

Specific Subtasks 

The Contractor shall accomplish the scope of work by performance of the 
specific subtasks which follow. The effort shall be conducted in accordance with 
"Work Plan for Thrust Chamber Assembly," dated June 1983, submitted in response 
to Contract Task Order NAS 3-23772-A.3. 

Subtask I - Cooled Throat Fabrication 

The Contractor shall fabricate one LH 2 cooled throat section, PN 1197112- 
9. The completed throat section shall be subjected to non-destructive testing to 
evaluate the structural integrity of the closeout bond and welds. In addition, the 
throat section shall be subjected to a pressure of 6500 psia with proof and leak check. 
A water flow check shall be performed. 
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Subtask II - Proof and Leak-Testing and Installation of Hardware 

Instrumentation 

The assembled heat sink thrust chamber (fabricated in Task Order 
NAS 3-23772-C.l) shall be subjected to a 3500 psia proof pressure test and a leak test 
prior to installing the instrumentation. 

The hardware shall then be instrumented with the thermocouples 
shown in Assembly Drawing 1197110 and discussed in Section 3.0. Additional 
pressure and flow measuring instrumentation shall be added during final 
installation on the test stand. 

Subtask III - Cold Flow and Igniter Checkout Tests 

A series of propellant cold flow tests using the heat sink hardware as 
listed in the Test plan shall be conducted to establish the flow system and injector 
hydraulic characteristics for use in feed system flow control to obtain proper thrust 
and mixture ratio conditions in subsequent tests. 

A series of ignition checkout tests as listed in the Test Plan shall be 
conducted using two types of ignition approaches: direct spark ignition and spark 
torch ignition (ignitor fabricated in Task Order NAS3-23772-C.1). One approach 
shall be selected for use in subsequent tests. 

Subtask IV - Low Pressure Performance, Stability, and Heat Transfer 

Testing 

A series of tests, as listed in the Test Plan, shall be conducted in which 
thrust, chamber pressure and mixture ratio are systematically varied. These short 
duration tests will use the heat sink chamber assembly including the heat sink 
copper throat. The maximum operating pressure will be in accordance with the 
heat sink capabilities of the throat. 
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Subtask V - High Pressure Performance, Stability, and Heat Transfer 
Testing 

A series of tests, as listed in the Test Plan, shall be conducted in which 
the heat sink throat will be replaced by the LH2 cooled throat. Testing will be 

conducted to operating pressures of approximately 2400 psi. The test durations and 
types of data recorded are discussed in the Test Plan and data presentation as listed 
in Table III of the Test Plan. 

Subtask VI - Test Data Analysis and Documentation 

The results of the testing shall be analyzed and documented by writing 
and delivering an interim report. A review of the work shall be presented at the 
NASA Lewis Research Center. The data to be included shall be as follows: 

1) Low Pressure Ignition 

a) Direct Spark 

b) Oxidizer-Rich Torch 

2) Combustion Stability 

a) With Resonator Cavities 

b) Without Resonator Cavities 

3) Chamber Thermal Characteristics 

a) Total Heat Load to Centerbody 

b) Total Heat Load to Outer Chamber 

c) Local Heat Flux at Selected Stations 

d) Injector Face Cooling 

e) Resonator Cavity Cooling 

4) Thrust Chamber Performance 

a) C* Combustion Efficiency at Chamber Pressure and Mixture 
Ratio Conditions Tested 

b) Thrust-Based Energy Release Efficiency at the Test 
Conditions 
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n. HARDWARE AND FACILITY 


1.0 Hardware Description 

1.1 Injector: 

1.1.1 Design 

Injector design goals are listed in Table l.l.l-I. These 
goals were selected to achieve the overall operational goals defined for the OTV 
engine (Table I). Use of gaseous phase propellants was selected based on results of 
the work performed under NASA Contract NAS-3-14379 (Reference 3) as the best 
approach for providing the capability for wide range throttling and Mixture Ratio 
(MR) operations. In order to evaluate the injector design best suited for meeting the 
OTV requirements, three of ATC's element designs (Figure l.l.l-I) were evaluated. 
The pre-mix triplet element was selected as offering the highest energy release 
efficiency in the MR range of interest (5 to 7). 

Specific design parameters for the injector are listed in 
Table l.l.l-II. These parameters were identified by performing a system analysis of 
the OTV engine. The overall design goals are utilized to determine specific 
information on flowrates, pressure and temperature of the propellants being 
delivered to the injector. Nominal operational parameters for thrust, chamber 
pressure, specific impulse, and Mixture Ratio were selected as a design point. 
Stability analysis of the injector design provided the dimensions of the acoustic 
cavities to ensure stable operation. Dimensions of the injector face were determined 
by the OTV engine design, specifically: chamber design, chamber contraction ratio, 
and injector element. Figure 1.1. 1-2 shows the injector which consists of 72 pre-mix 
triplet elements arranged in two rows. The injector face encompasses the annular 
space between the regen-cooled chamber ID and the centerbody OD. 

The ignition mechanism, also referred to as a "torch igniter" consists of a aviation 
type spark plug with separately plumbed fuel and oxidizer lines providing an 
oxidizer rich flame through the core (Figure 1.1. 1-3). The igniter assembly is 
introduced through one of the acoustic cavities. The acoustic cavities, used to 
ensure combustion stability, are located around the circumference of the injector 
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TABLE 1 .1.1-1 


INJECTOR DESIGN GOALS 


• 

Energy Release Efficiency 

>99.5% 

• 

Throttling 

15:1 min 

• 

Mixture Ratio (MR) 

5-7 

• 

Uniform and Predictable Combustion 

10 Btu/sec in. 


Chamber Heat Flux at High Contraction 
Ratio (16:1) 


• 

Stable Combustion 

CPIA 247* 

• 

Pressure Drop 

<15% of Pc 

• 

Cycle Life 

500 Cycles 

• 

Operating Life 

20 Hours 

• 

Fabrication 

Low Cost 

• 

Proof Pressure 

3500 psi 


^Compliance with Combustion Guidelines Chemical Propulsion Information Agency 
(CPLA) 
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PREMIX TRIPLET PROVIDES HIGHEST ERE IN SHORTEST LENGTH CHAMBER 

PRESSURE = 300 PSIA 



I 


8 


TABLE 1.1,1-11 


OTV INJECTOR DESIGN PARAMETERS 


OESIGN PARAMETERS (Nominal) 

A. Thrust, lbf (vacuum) - 3000 

B. Chamber Pressure, psia - 2000 

C. Propellants 

1. Fuel - GH 2 

a. <L .893 lb/sec 

b. P 2300 psia 

c. T 509 °F or 969°R 

2. Oxidizer - G0 2 

a. tl) = 5.36 Ib/sec 

b. P 2300 psia 

c. T 800°R (design) 

0. M.R. = 6.0 

E. Injector Face 0.0. = 5.60 in. 

F. Injector Face I.D. = 4.00 in. 

G. Isp =480 sec 

H. Resonator Cavity 

1. 12 Partitions 

2. .3 Wide x 1.3 Deep 
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Figure 1.1. 1-2. OTV Injector 



Figure 1.1. 1-3. OTV Torch Igniter 



circumference of the injector face as shown in Figure 1.1. 1-3. Further discussion of 
the igniter design and test results is contained in Section 4.1. 

1.1.2 Fabrication 

The injector assembly, illustrated in Figure 1. 1.2-1, 
consists of a machined manifold with a diffusion bonded stack of thin Nickel 
platelets forming the individual injector elements. 

Figure 1.1. 2-2 shows the machined injector manifold, 
prior to diffusion bonding of the platelets. Two annular manifolds furnish the fuel 
to the injector elements through cross drilled holes. Figure 1. 1.2-3 shows a detail of 
the cross drilling. The oxidizer enters from the top of the injector manifold, and is 
fed to the elements by drilled metering holes. This design eliminates the need for 
numerous brazed tubes to isolate the fuel and oxidizer. Pre-mixing of the fuel and 
oxidizer occurs in the injector platelet stack (illustrated in Figured 1.1. 2-4) before 
exiting into the combustion chamber and igniting. 

A 0.61" stack of 10 Nickel 200 platelets, shown 
individually in Figure 1. 1.2-5, forms the injector elements. Chemical milling 
generates the flow paths in each platelet. After the milling process, the Nickel 
platelets are diffusion bonded in a stack to a Nickel 200 manifold. Hydrogen bleed 
holes between the elements are used for face cooling. 

The finished injector with lines and manifolds welded 
in place is shown in Figure 1.1. 2-6. 

1.1.3 Cold Flow Tests 

A series of cold flow tests was conducted to evaluate 
injector flow nonuniformity induced by the manifolds and inlet line configuration. 
Data were generated by collecting the flow from selected individual fuel and 
oxidizer elements. Flow was captured by a specially fabricated collector tube and 
measured by a rotometer. The water supply was pressurized to simulate the injector 
manifold pressures expected over a range of operating conditions. Inlet pressure 
was monitored by a manometer gauge. Figure 1.1. 3-1 provides the measured flow 
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. Machined Injector Manifold Prior to Diffusion Bonding 
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Figure 1.1. 2-4. Modified “I” Premix injector Element 




1 . 1 . 2 - 5 . Injector Platelets 
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Figure 1.1. 2-6. Injector Assembly 



Figure 1.1. 3-1. injector Cold Flow (GN 2 ) Results 







distribution for the two rows of injector elements expressed as a discharge 
coefficient, Cd. The area used to calculate Cd is the minimum cross-sectional area of 
the element circuit. Calculation of Cd is based on the flow equation for a perfect gas 
under isentropic flow conditions and takes the form of: 


w = CdA* Pin 


(2*K) * 

Pout 

(2/k) 

Pout 

fk+l/k) 

(k-l)(RT) 

Pin 


Pin 



where: w = flowrate (lbm/ sec) 

CdA = discharge coefficient *Area (in 2 ) 

P in = Pressure, inlet (psia) 

P out = Pressure, outlet (psia) 
k = specific heat ratio 
T = temperature, inlet (°R) 

R = specific gas constant 

Of special interest in evaluating the Cd term for the 
injector elements is to ensure consistency of the results from element to element. 
Inconsistencies can indicate non-uniformity in the flow distribution. This is of 
special concern near the propellent inlet lines. Results of the data showed only 
slightly higher than average flow in the circuit under the inlet lines (Figure 1.1. 3-1). 
Individual flow distribution was within +/- 5 % of the average. A comparison Table 
of the results of the single element cold flow, full assembly cold flow, and hot fire 
test for tank head idle mode (35 Pc) operation is provided in Table 1.1. 3-1. 

1.1.4 Design Modifications 

Based on temperature data obtained from the first set of 
low Pc hot firings, a modification was made to the injector. High temperatures and 
fluxes were recorded at the front end of the centerbody. Since heat flux increases 
with chamber pressure, the presence of high heat fluxes at the low Pc (less than 500 
psia) tests led to the prediction of heat fluxes levels higher than the heat sink 
hardware is designed to withstand at the higher Pc tests. Hydrogen film cooling 
from the face of the injector was selected for cooling of the centerbody. This decision 
was based on 1) hydrogen film cooling would directly assist cooling of the hot area 
and 2) the injector fuel velocity would be reduced as a result of the the hydrogen 
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TABLE 1. 1.3-1 


SUMMARY OF OTV INJECTOR FLOW DATA 


Oxidizer 
Circuit 
CdA (in 2 ) 


Fuel 
Circuit 
CdA (in 2 ) 


Design Values 0.1551 0.1101 


GN2 Cold Flow 

(through individual elements) 0.1523 0.1232 


G02/GH2 Cold Flow 

(w 0 = .028 lb/sec,wf = .0058 lb/sec) 0.1499 0.1266* 


Hot Fire Test at 35 psia 


# 

P C 

MR 

AP 0 / p c 

A p f/ p c 

w o 

w f 

C* 

C D A ox 

C D A £ 

114 

35.1 

3.98 

.162 

.236 

.092 

.023 

7110 

0.1403 

0.1354* 

119 

35.2 

3.06 

.161 

.125 

.090 

.030 

6833 

0.1291 

0.1402* 

120 

33.5 

5.02 

.149 

.167 

.103 

.021 

6293 

0.1479 

0.1321* 


^Includes resonator cavity bleed holes. 
Key 


Pc 

Chamber Pressure (psia) 

w 0 

Oxidizer Flowrate (lbm/sec) 

Wf 

Fuel Flowrate (lbm/sec) 

MR 

Mixture Ratio (O/F) 

APo/Pc 

Ratio of Injector Oxidizer Side AP to Pc 

APf/Pc 

Ratio of Injector Side Fuel AP to PC 

AP 

Pressure Drop (psia) 

C* 

Characteristic Exhaust Velocity 
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and 2) the injector fuel velocity would be reduced as a result of the the hydrogen 
bleed-off. The reduction in injector fuel velocity would lower the heating effect and 
thus reduce the peak heat flux associated with differential propellant velocity 
mixing. 


The injector was modified by drilling 36 holes (one per 
element) of 0.015 inch diameter. The holes were EDM'd through the platelet stack 
from the chamber side into the inner fuel manifold ring. This ring is identified on 
Figure 1.1. 2-2. Addition of these holes allowed GH 2 coolant to impinge on the 

centerbody in the area where the fluxes were the highest. The addition of these film 
cooling holes increased the amount of film cooling from a nominal 6% to 9.5%. 

At the same time, the test data were used as a basis for 
optimizing the resonator bleed hole diameters. These bleed holes provide for 
hydrogen cooling of the resonator cavities as well as providing some cooling to the 
outer chamber. This optimization involved increasing the hole diameter from 
0.015 to 0.020 inches and replacing the screws used to hold the resonator blocks. 

The cold flow tests were repeated to establish the new 
fuel CdA values. There was a slight increase in the CdA values, which did not affect 
of the previously calculated pressures. The fuel CdA term increased by 22% and the 
oxidizer CdA term increased by 12.8%. 

1.2 Heat Sink Chamber and Throat Hardware 
1.2.1 Design 

Thrust chamber activities included the detailed design 
and fabrication of a heat sink chamber with provision for a GH 2 cooled throat 

section. The heat sink chamber and cooled nozzle, illustrated in Figure 1.2.1-1, were 
designed and built to accommodate testing of the injector. The chamber was 
designed to accept interchangeable throat sections. Two throat sections were 
designed and built: a LH2 cooled throat (Figure 1.2. 1-2) and a heat sink throat (Figure 
1.2.1-3). The heat sink throat hardware was designed to facilitate a series of low 
chamber pressure tests (Pc = 100 to 600 psia). It extended to an exit area ratio of 4:1. 
The regenerative cooled throat was designed to facilitate a series of high chamber 
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Figure 1. 2.1-1. Heat Sink Chamber with LH 2 Cooled Throat 



LH2 Cooled Throat: 
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Figure 1.2.1 -2. LH 2 Cooled Throat 




pressure tests (Pc = 1000 to 2000). It extends to an exit area ratio of 10:1. Details of the 
cooled throat design and fabrication are discussed in Section 1.4. 

The heat sink chamber assembly is shown in Figure 
1.2. 1-4. A segmented design was chosen for the heat sink chamber and centerbody to 
allow variation of the chamber length. A view of the chamber ID is shown in 
Figure 1.2.1-5, looking from the injector end toward the throat. The four large slots 
in the copper contain tabular rails which align the four outer calorimeter segments, 
prevent them from contacting the steel housing and accommodate radial thermal 
expansion. 


The heat sink chamber assembly was designed to adjust 
to the following geometry changes at a minimum cost in terms of extra hardware 
and buildup between tests. 

1) Chamber and Centerbody length (L') 

2) Shape of Centerbody nose 

3) Resonator cavity depth 

The lengths of the pressure housing and the centerbody 
steel support shaft were sized to accommodate the longest anticipated chamber 
length. The resonator cavities were sized for the maximum expected depth with 
provision to use filler blocks for any tests at shorter depths or multiple mode 
tuning. 


The 10 inch long heat sink chamber barrel section was 
capable of 1.5 seconds of operation at a heat flux of 10 Btu/ sec in^. This was the 
expected flux for chamber pressures of 2000 psi. Surface temperatures were expected 
to be below 1500 degrees F during firing. The actual test duration was dependent on 
operation within the above described limits, and was controlled by high 
temperature kills using thermocouples in the chamber and centerbody. Installation 
of two thermocouples in each ring allowed for repeatability of data. 

Local heat fluxes were calculated from the transient 
response of the gas-side surface thermocouples. This was accomplished with a one- 
dimensional finite difference solution of the transient radial conduction equation 
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using the thermocouple transient as a boundary condition. Such an analysis defines 
the heat flux required to provide a surface energy balance as a function of time. A 
linear fit of the resultant heat flux vs surface temperature characteristic was defined 
in order to compare all data at the same wall temperature. 

1.2.2 Fabrication 

An overview of the heat sink components before 
assembly is shown in Figure 1. 2.2-1. The outer pressure housing, fabricated from 
CRES 304, was designed to accommodate a 4000 psi proof test. A segmented chamber 
liner, fabricated from OFHC copper, slides into the steel pressure housing. The 
copper segments are insulated to prevent contact with each other, the housing, and 
the support shaft. Ports were machined for gas side thermocouples, which were 
brazed into place and machined flush with the chamber ID. 

After the parts were fabricated, a test fit-up of all parts 
was conducted to enable a dimensional inspection of the critical features. 
Discrepancies were corrected by relieving portions of the face on the various 
calorimeter segments. One thermocouple hole in the calorimeter segment 
immediately upstream of the throat was found to be oversized. This was corrected 
by plugging the hole with an 0.062" diameter copper bar brazed in place. A new 
thermocouple hole (0.02" diameter) was then added slightly 
downstream of the plug. 


A photograph of the heat sink chamber and throat 
during a hot fire test is shown in Figure 1. 2.2-2. 

1.2.3 Instrumentation 

The thermocouples were brazed into place on the gas 
side heat sink chamber wall. Chromel-Alumel thermocouples were used at various 
axial distances as illustrated in Figure 1. 2.3-1. Each axial location contained two 
thermocouples, separated radially by 90 degrees. All thermocouples were checked to 
ensure no open circuitry in the wiring, prior to the start of the hot fire testing. Prior 
to each hot fire test series, a calibration was made of the thermocouples and other 
instrumentation to ensure functionality within the desired range of operation. 
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Figure 1. 2.2-2. Heat Sink Chamber & Throat During Hot Fire Test 
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Figure 1. 2.3-1. Outerbody Thermocouple (TC) Locations 


After an initial set of tests was run, modifications were made to the injector and 
resonator cavities to increase film cooling to the heat sink centerbody and chamber, 
respectively. Checkout testing of the thermocouples was repeated. Table 1. 2.3-1 lists 
the operational thermocouples. 

1.3 Heat Sink Centerbody 

1.3.1 Design 

The heat sink centerbody design is illustrated by Figure 

1. 3.1- 1. The centerbody is comprised of copper rings with a blunt tip surrounding a 
steel shaft. Thermocouples are located on the gas side wall of the centerbody. 

The heat sink centerbody was also sized for 1.5 seconds of 
operation at a heat flux of 10 Btu/sec in^, the expected heat flux at a chamber 
pressure of 2000 psi. The thickness of the segments would likewise result in soakout 
temperatures of 500 degrees F following a test with surface temperatures below 1500 
degrees F during firing. As noted previously, test kills were established based on 
thermocouple readings in this range. 

1.3.2 Fabrication 

The centerbody segments were made from OFHC copper. 
The support shaft is made from CRES 304. Although it would have been possible to 
test the centerbody with a variety of tip configurations, no other tip configurations 
were fabricated. The blunt tip demonstrated satisfactory performance during testing. 

Figure 1. 3.2-1 shows the five separate calorimeter 
segments that comprise the chamber centerbody and the support structure through 
which the thermocouple leads are routed. 

The nose view of the centerbody is shown in Figure 

1. 3.2- 2. The gap between the hemispherical nose segment and the first cylindrical 
segment is a result of the assembly not being clamped when the photograph was 
taken. The centerbody was made of OFHC copper and used Chromel-Alumel 
thermocouples . 
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TABLE 1. 2.3-1 


HEAT SINK CHAMBER THERMOCOUPLE LOCATION 


Outerbody Thermocouples Throat Calorimeter Thermocouples 


TC 

0.75*-0°** 

TT 

13.7*-0°** 

TC 

0.75-90° 

TT 

13.7-90° 

TC 

2.60-0° 

TT 

14.3-0° 

TC 

2.60-90° 

TT 

14.3-90° 

TC 

4.75-0° 

TT 

14.9-0°*** 

TC 

4.75-90° 

TT 

14.9-90° 

TC 

7.80-0° 



TC 

7.80-90° 



TC 

10.10-0° 



TT 

14.9-90° 



TC 

10.10-90° 



TC 

11.85-0° 



TC 

11.85-90° 



TC 

13.0-0° 



TC 

13.0-90° 




Key: TC - Thermocouple located in outer body wall 

TT - Thermocouple located in the throat 

* Distance from Injector Face (inches) 

* * Angular Location from Top Dead Center (Degrees) 
*** Inoperable Thermocouple 
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Figure 1. 3.1-1. Heat Sink Chamber with Cooled Throat 







1.3.3 


Instrumentation 


Chromel-Alumel thermocouples were brazed into place 
on the gas side heat sink chamber wall. Locations of the thermocouples are 
illustrated by Figure 1. 3.3-1. Each axial location contains two thermocouples, 
separated radially by 90 degrees. All thermocouples were then checked for 
continuity. A series (Series 3) of low pressure performance, stability and heat 
transfer testing were conducted. After this set of tests, modifications were made to 
the injector and resonator cavity to increase film cooling to the heat sink centerbody 
and chamber, respectively. Checkout testing of the thermocouples was repeated. 
Table 1.3.3-I lists the operational thermocouples. To minimize risk to the heat sink 
hardware and functioning thermocouples, no repair was attempted for the non- 
functioning thermocouples. An additional braze cycle would have been necessary 
to replace the thermocouples which could cause the first braze alloy to reflow 
dislodging the functioning thermocouples 

Figure 1. 3.3-2 is a photograph of the centerbody mounted 
on the injector in the test bay prior to testing. 

1.4 LH 2 Cooled Throat 
1.4.1 Design 

Design of a cooled throat section for the heat sink 
hardware was undertaken to demonstrate adequate cooling for a 500 cycle, 20 hour 
life chamber. Specification levels were for localized heat fluxes of 100 Btu/ sec in^ at 
the throat with average heat fluxes of 10 Btu /sec in^ in the barrel and nozzle. To 
meet the high cycle life requirements for the thrust chamber, two concepts were 
approached: 1) advanced cooling, and 2) ductile thermal barriers. 

Investigation of advanced cooling for the chamber was 
directed at increasing the low cycle fatigue life by keeping the wall temperature 
differential low. The second approach was directed at the use of high temperature 
gas side liners as thermal barriers. 
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Figure 1. 3.3-1. Centerbody Thermocouple (TCB) Locations 


TABLE 1. 3.3-1 


HEAT SINK CENTERBODY THERMOCOUPLE LOCATIONS 

Centerbodv Thermocouples 

TCB 0.5*-90°** 

TCB 0.5-0°*** 

TCB 2.3-90° 

TCB 2.3-0°*** 

TCB 4.45-90° 

TCB 4.35-0° 

TCB 7.5-0° 

TCB 11.2-90°*** 

TCB 11.2-0° 

TCB 12.1-90° 

TCB 12.1-0°*** 

TCB 12.5-90° 

TCB 12.5-90° 

Key: 

TCB- Thermocouple located in centerbody wall 

* Linear Location from Injector Face (inches) 

* * Angular Location from Top Dead Center (Degrees) 

*** Inoperable Thermocouple 
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Materials investigated for potential gas side liner 

materials included: 

1) Platinum plated directly on Copper 

2) Copper plated on Platinum 

3) Rhenium plated Copper 

4) Copper plated Rhenium 

5) Copper Aluminide Conversion Coatings 

Specimens were fabricated from the above materials and 
subjected to heat cycling in a 1200 to 1400 degree F environment for up to 144 hours. 
Metallurgical studies to evaluate the specimens were conducted. Results of these 
tests are listed in Table 1.4.1-I. 

Analytical studies indicated that a factor contributing to 
an increase in cycle life was the minimization of the temperature gradient across the 
thrust chamber walls. Gas side wall temperature is limited by the material used. 

This decrease in temperature corresponds to a decrease in strain rate by the 
relationship of: 


% strain = 2*(alpha)*(delta T). 


where: 

alpha = thermal coefficient of expansion 
delta T = temperature differential 

In order to minimize this delta T, the geometries 
illustrated in Table 1.4.1-H were analyzed. Case #6 was selected as being the easiest to 
fabricate. Further refinement of the geometry from case #6 was undertaken to 
increase the cycle life from a predicted 480 cycles to over 500 cycles as shown in Table 
1.4.1-m. Case #6B was pursued for the fabrication study. 

Results of stress and thermal analysis indicated extended 
low cycle fatigue life could be obtained by a combination of very thin channels with 
a very thin closure. The closure thickness required was approximately 0.02". 
Conventional EF Ni closures required a thickness of approximately 0.03 to 0.05" to 
withstand the pressure differential. A NiCo alloy was identified as having a higher 
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HIGH TEMPERATURE LINERS FOR REGENERATIVELY 
COOLED CHAMBER THROATS 
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acterlstics recommended. 




CHAMBER LIFE VS. COOLANT CHANNEL 
CONFIGURATION AND QUANTITY 


REQUIRED 

CLOSEOUT 

THICKNESS 

o 

o 

d 

o 

#■"» 

o 

© 

a 

o 

d 

A 

o 

o 

o 

a 

d 

o 

8 

o 

o» 

n 

o 

d 

40 

40 Q. 
40 

Ul • 
40 Ll. 

w 

40 

•*. 

N 

4 » 

a 

*o 

o 

40 

O 

04 

40 

3 

M 

X. 

o 

r>» 

*“» 

o» 

o. 

o 

40 

o 

rv, 

04 

o* 

40 

z «* 
*“ z 

40 W 

O 

o* 

O 

04 

© 

o> 

d 

ru 

(M 

o 

40 

ru 

o 

a 

o 

INl 

rso 

O 


• 

o 

i 

a 

a 

n 

o 

* 4 . 

»”» 

o 

(D 

H 

rs* 

40 

o 

i 

•? 

o 

40 

04 

O 

40 

•o 

| 

O 

fM 

04 

T 


r* 

N 

04 

d 

N 

40 



rw 

O 

B 

O. 

<7« 

r-% 

o* 

o* 

40 

0 

40 

ao 

u. 

• 

X 

i 

J 

5 ! 

oT 

C7» 

N 

**v 

r «4 

r*. 

n 

f 4 

s 

40 

o 

z 

X 

u 

$ 

*— V 

o 

O 

M 

O 

rvt 

O 

O 

d 

40 

o 

40 

o 

40 

o 

40 

CL 

b. 

V 

>• 

CO 

*■» 

O 

a 

o 

o 

O 

40 

♦M 

X, 

«o 

C 4 C 

P* 

40 

fM 

r-» 

lO 
U. _J 
O Ul 

si 

u 

40 

rt 

4/4 

ws 

o 

40 

o 

40 

o 

40 

40 

OK 

g 

UJ 

o 

O 4* 

O s 

D O d 
3 p-M 
D 

a 

o 

o 

o 

o 

i 

X 
u « 

1 

8 5§:I i 

&M- 
Mi i 

9 

o 

ip-l 

* r » i — * 

L ^ *•- ' 
•4 « I b4 

s.CrS 

3 

O f4 

n o 
1 o 1 o 

■ d | d 

« i 

Cl 

c 

c 

al 

®l 
o 1 

X 

4<4 

w 

y 

o 

o 

o 

40 

O ® 
4-* ' O 

* 

► X 

iwsi 

0>-tA 

r;3 ■ 
3Ua~ 

1 O 1 «- 
I ° I o 

1 d | d 
3 '■■ 

•c . 

►■J L 

O 

8 

o 

* 2^ , 
^3 

sals! 

o o [ O ! 

d d ! d | 
£ 

1 — *^fc= 

o 

o 

© 

z 

40 

< 

u 

UJ 

40 


CD 

o 

3 

n 

«o 


l 

44 ORIGINAL PAGE IS 

OF POOR QUALITY 






























































Table 1.4.1-IN 

Chamber Life Variation with Outer Wall Configuration 
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Table 1 .4.1-111 

Chamber Life Variation with Outer Wall Configuration (Cont) 
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strength than the Ni alloy, as illustrated in Figure 1.4.1-1, and could be 
electrodeposited. 


A series of fabrication studies, discussed in Section 1.4.3, 
verified the plating parameters of the higher strength NiCo alloy, and subsequent 
welding and machining operations. Also demonstrated was the tooling, 
manufacturing and quality control parameters for the smaller cooling channels, 
smaller lands, and thinner walls. Table 1.4.1-IV summarizes the technology 
demonstrated prior to fabrication of the cooled throat hardware. 

1.4.2 Fabrication 

1. 4.2.1 Chamber Material 

Two NAS-Z Copper forgings were initially obtained 
for the fabrication of the cooled throat. NAS-Z was preferable to ZrCu because of the 
better mechanical properties. After receiving, each forging was analyzed to 
characterize the grain structure and determine the phase composition. Examination 
of the photomicrographs of the 2 forgings revealed significantly different grain 
structures. Additional analysis of the composition indicated no silver present in 
forging #1. Subsequently, forging #1 was determined to be ZrCu and therefore not 
suitable for the cooled throat fabrication. A third forging was ordered to replace 
forging #1. Results of the inspection are listed below. 

Forging #1: (SN 1) ZrCu 

Large grain size and improper composition 

Forging #2: (SN 2) NAS-Z 

Acceptable 

Forging #3: (SN 3) NAS-Z 

Some grain irregularity or small flaws. 

Based on the results of the inspection, forging #2 was 
selected as the primary billet for the fabrication of the fireable cooled throat section. 
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Figure 1. 4.1-1. Yield Strength & % Elongation of EF Ni & EF Ni Alloys 



TABLE 1.4- 1- IV 


DEMONSTRATED TECHNOLOGY 

1. Machining high aspect ratio 0.01" cooling channels. 

2. Maintaining 0.011" wide channel ribs. 

3. Holding a gas-side wall of 0.020" to within +0.003"/-0.0005" . 

4. Electrodeposition of a high strength NiCo alloy closure. 

5. Generation of the channel -to-mani fold flow path by electrodeposition 
rather than machining. 

6. Welding a manifold closure to the electrodeposited structure. 

7. Inspection of the NAS-Z copper forging for defects and inspection of the 
Ni al loy-to-copper bond on 0.011" thick ribs. 


49 



Forging #3 was selected for the machining demonstration tests including chamber 
contouring and full channel slotting. 

1. 4.2.2 Slotted Throat Liner 

Using methods developed under an Aerojet IR&D 
program, the machining of 0.010" wide "mini" channels was optimized. The test 
sample, SN 3, shown in Figure 1.4.2.2-1, contains 80 channels machined in 4 groups 
of 20 each. Machining parameters were varied slightly in the four groups to 
determine the optimum fabrication parameters. Slotting parameters and cutter 
material were evaluated and recorded during SN 3 processing. Cordax inspection 
was performed at all stages of contouring to verify dimensions before proceeding to 
the slotting operations. 


An NC tape was programmed for the proof machining 
of the SN 3 chamber. After the slots were completed, Cordax inspection of the SN 3 
liner indicated that all channel depths were too deep, resulting in an unacceptable 
undersized wall condition. Although the variation from channel to channel was 
within tolerances, all the channels were cut slightly deep. For machining of SN 2, 
special precautions were undertaken in order to maintain the critical wall thickness, 
especially in the throat region. To ensure proper dimensions, manual adjustments 
were made to the numerically controlled program tape after preliminary slots were 
cut. For machining of SN3, no manual adjustments had been made to the NC tape. 

A special tool, shown in Figure 1.4.2.2-2, was fabricated 
to check the depth of the slots while SN 2 liner remained in the mill. When 
machining the slots on SN 2, shallow cuts were made initially and the depth 
measured and recorded. Figure 1.4.2.2-3 is a photograph of SN 2 liner being 
machined. Calculations were made from the inspection data to determine exactly 
where the arbor should be located in order to cut the correct slot depth. In this 
manner, manual adjustments to the NC tape correctly identified the variation 
required to obtain acceptable slot depths and wall thickness. 

A closeup of the liner channels for SN 2 is shown in 
Figure 1.4.2.2-4. A cross sectional photograph of these thin channels is shown in 
Figure 1.4.2.2-5. 
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Figure 1.4.2.2-1. LH 2 Cooled Throat Section 
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Figure 1.4.2.2-2. Tooling to Measure Slot Depth 
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Figure 1.4.2.2-4. Ctoseup of Throat Cooling Channels 
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1. 4.2.3 


Closure 


After the throat liner was completed, the channels 
were filled with a conducting wax. Because of the width of the "mini" channels 
(0.01"), there was concern as to the removal of the wax in terms of viscosity effects 
and the presence of filler materials. Verification of the wax removal method is 
discussed in Section 1. 4.3.1. 


After the channels were filled with wax, the liner was 
shipped to the plating company for electro-deposition of a NiCo closeout. NiCo was 
selected for its high strength properties to accommodate the thin closeout required 
for high cycle life. Stress analysis indicated that a wall thickness of 0.02" at the throat 
was required to obtain a cycle life of 500. The pressures in the channel would 
require a conventional Nickel closure to be on the order of 0.05" thick, thereby 
increasing the temperature gradient across the wall and subsequently decreasing 
cycle life. The NiCo alloy was chosen because of its high strength properties and its 
ability to be electro-deposited. Figure 1.4.2.3-1 shows the throat hardware after the 
electro-plating process. 

Based on the final selection of the wax, the removal 
process for SN 2 chamber was refined. The steps followed are listed below: 

1) Soak in hot mineral oil (200 deg F) 

2) Shake ultrasonically while still in mineral oil 

3) Insert wire (0.008" diameter) down individual 
channels to check for residual wax or particles. 

4) Resoak in hot mineral oil if necessary. Purge 
individual channels with GN 2 during mineral oil 

soak if necessary. 

5) Perchloroethylene degrease with flow manifold 
tool. 
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6) Water flow and pressure drop test with flow 
manifold tool. 

After the electro-deposition of the NiCo closure, the 
outer contour of the hardware was machined to the required closeout thickness and 
to expose the ends of the channels for communication with the manifolds. Figure 
1.4.2.3-2 is a photograph of the machined throat hardware. 

1. 4.2.4 Manifolds 

Figure 1.4.2.4-1 illustrates the forward and aft 
manifold attachment to the regen-cooled throat. The manifolds were attached and 
welded, first the forward manifold followed by the aft manifold. Both welds 
involved 0.2" deep penetrations between the EF NiCo chamber closeout and the 
304L CRES manifold. Nickel 200 closure rings were match machined to the above 
welded assembly. The Nickel rings are used to seal the stainless steel manifold to 
the copper substrate since stainless is not weldable to copper. The channels were 
covered with aluminum tape during the machining operation to prevent chips 
from entering the channels. 


After machining and cleaning, the aft Nickel 200 ring 
was assembled and welded with the inlet filter and shims in place. Next the 
stainless closure was welded to seal the backside of the forward manifold. After 
completion of the EB welds, dye penetrant inspection verified weld integrity. 

The final fabrication steps of the cooled throat 

hardware included: 


1) Final internal machining 

2) TIG welding of the inlet pipes and exit pipes to the 
manifold 

3) Final degreasing and bagging. 
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Figure 1.4.2.4-1. Manifold Assembly 






The cooled throat hardware is shown prior to welding in Figure 1.4.2.4-2 and as a 
completed assembly in Figure 1.4.2.4-3. 

1.4.3 Fabrication Verification Studies 

1. 4.3.1 Wax Removal 

After verification of the slot cutting parameters, the 
tool proof (SN 3) chamber was used for the wax removal tests. Wax removal from 
the 0.01" wide channels was anticipated to be more difficult than with the typically 
larger regenerative channels that are 0.03" wide. Based on these studies, the 
properties of the wax for both deposition of the NiCo and subsequent removal from 
the thin channels could be evaluated. Three different types of waxes were selected. 

1) Rigidax Blue (calcium carbonate filled and lined 
with silver powder). 

2) Microcrystalline wax (no filler and lined with 
silver power). 

3) Aerojet proprietary graphite filled wax. 

Each wax was used to fill 1/3 of the slots in the first 
"tool proof" liner. This liner is referred to as the "tool proof" because it was a test 
article intended to proof the fixturing and methodology developed for fabrication of 
the LH2 cooled throat hardware. A closeout of 0.065" thickness EF NiCo followed. 
Figure 1.4.3.1-1 shows the "tool proof’ liner in the as-deposited condition. After this 
initial plating, a one inch long axial crack was observed originating below the aft 
end. Although the crack didn't affect processing of the tool proof chamber, it was 
unacceptable for a fireable chamber. A failure analysis, discussed further in Section 
1.4.3.2.2, was undertaken to identify the cause of the crack. 

The channels were exposed by machining the EF NiCo from the aft "bump". 
Removal of the wax from the channels was accomplished by placing the chamber in 
a 250 degree F oven overnight, immersion in MEK (Methyl Ethyl Ketone) solvent, 
and additional oven cycling. Insertion of a 0.009" wire into the channels verified 
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that a reasonable number of channels had been cleared of wax. Of the three waxes, 
the microcrystalline wax appeared to flow the easiest. This was attributed to higher 
viscosities and the presence of filler materials in the other two waxes. Although the 
microcrystalline wax-filled channels flowed the easiest, the presence of residual 
closeout material inside the channel area was suspected due to the wax shrinkage 
characteristics. Cold flow tests were next performed to indicate if there was any 
systematic deposition of NiCo inside the channel. 

After the cold flow tests, discussed in Section 1.4.5, the 
chamber was sectioned at the throat to examine the closeout and the bonds at the 
substrate interface. Photomicrographs of the interfaces for the three waxes are 
shown in Figure 1.4.3.1-2. The photomicrographs indicate random abnormal 
plating directly over several of the channels in each of the three groups. Nodule 
formation above the discrepant channels was attributed to the rough surface 
condition of the wax. This rough surface was attributed to the use of three different 
waxes on the same part rather than the wax, since difficulty was experienced in 
obtaining a smooth finish. Since this plating rough surface condition has not been 
experienced on chambers with one wax and smooth finish, the rough condition was 
not expected to occur on the actual test hardware fabricated. 

Based on the relative removal characteristics and the 
photomicrographs, Rigidax was selected for processing the SN 2 cooled throat. 

1. 4.3.2 Plating Studies 

1.4.3.2.1 Electroformed Channel to Manifold Flow Path 

Normally the channel to manifold flow path is 
machined through the electroformed closure, which is time consuming. A method 
to generate this channel to manifold flow path by electroforming explored the use of 
a non-conducting filler material placed in the channel at the coolant entrance and 
exit. A punch and die assembly, shown in Figure 1.4.3.2.1-1, was designed and 
fabricated to produce 300 plastic blanks approximately 0.01" thick. These strips were 
inserted into the cooling channels of the throat section prior to the electroforming 
operation as illustrated by Figure 1.4.3.2.1-2. This figure shows the assembly with 
teflon sheet tabs inserted and the final electroformed Nickel deposited to a depth of 
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0.15" The teflon strips are inserted into the chamber coolant channel prior to the 
electroformed closeout. Figure 1.4.3.2.1-2 illustrates the teflon strips after the EF 
closeout and prior to their removal. After removal, the inlet and outlet portions of 
the coolant channel would be exposed. This method was intended to provide inlet 
and exit cooling manifolds that would be internally reinforced with electroformed 
NiCo. 


Unfortunately, difficulties were encountered in 
forming the channel to manifold flow path during the electroforming process. 
Removal of the insert filler material proved to be difficult. Trial with Teflon strips, 
instead of the plastic, was tried with limited success. Figure 1.4.3.2.1-3 shows the 
chamber following the plating of the NiCo alloy with the filler strips extended. 
Although the plating (approximately 0.2" thick) was satisfactorily deposited between 
the strips as shown in Figure 1.4.3.2.1-4, the alignment of the channels after removal 
of the filler strips was unacceptable for the intended purpose. 

1.4.3.2.2 EF NiCo Closure Crack Analysis 

The as-deposited condition of SN 3 chamber is shown 
in Figure 1.4.3.2.2-1. As shown in this figure, a crack was noted in the as-deposited 
EF NiCo closeout on the tool proof chamber SN 3. The crack originated in the EF 
NiCo plating next to the aft aluminum mandrel. The chamber was dye-penetrant 
inspected and no additional lengthwise cracks were found, although more radial 
cracks were noted originating from the aft mandrel. The chamber was next 
machined in the "bump" area to expose the channels for wax removal. During the 
machining and subsequent oven exposure, the crack propagated axially down the 
length of the chamber. 


Several hypotheses were formulated as to the cause of 
the crack. The preplate stress level of the electroforming bath was 17 ksi tensile as 
measured with a spiral contractometer. Presence of a high residual tensile stress 
level in the deposit could contribute to a crack. The stress level of the bath 
following the plating was 12 ksi. Since the ductility of the EF NiCo is low, this level 
of stress would not be expected to cause the formation of cracks. 
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Figure 1.4.3.2.1-3. Test Chamber after Electroforming 




Figure 1.4.3.2.1-4. Irregularity of Flow Channel Alignment 




C0 186 270 


Figure 1.4.3.2.2-1. SN 3 Tool Proof Liner - Aft End Crack 
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Nodule formation was noted to be significantly higher 
on the aft end where the crack formed compared to the forward end of the chamber 
which displayed virtually no nodule formation. Although nodules occur along 
corners and edges, severe formation can lead to unwanted stress concentration 
areas. Shielding of the cathode (chamber) in the plating tank limits the nodule 
formation in a particular area by directing the electrolyte flow. Further reduction of 
the nodules is possible by a refined plating bath and smoother geometries. The 
chamber design was modified to smooth the "bump" area. 

Numerous areas of crack initiation or void sites were 
noted in the plating over the end plugs. The copper is activated to accept the EF 
NiCo, whereas the aluminum used for the plugs is not specifically activated. It was 
theorized that the void areas were due to the plugs not being made of copper and 
therefore not activated for NiCo plating. 

Sulfur contamination is known to cause intergranular 
brittleness. Improper refinement of the plating bath can result in the deposit 
containing a higher than desired sulfur content. The sulfur migrates to the grain 
boundaries and results in brittleness. 

In order to evaluate the later hypothesis, scanning 
electron microscope (SEM) and microprobe analysis were preformed to determine 
the sulfur content near the failure area and to determine the crack characteristics. 
The failure surface had a high sulfur concentration with some aluminum 
contamination at the corner where the crack appeared to originate. Propagation of 
the crack occured at about 45 degrees from the axis of the chamber. Both brittle and 
ductile areas were found on the surface. No sulfur was detected below or 
underneath the failure area. 


Results of the EF NiCo failure were discussed with an 
alloy plating specialist, Mr Glenn Malone with Bell Aerospace-Textron in Buffalo, 
N.Y. Mr Malone was concerned with the cleanliness control of the tanks and bath 
filtration, and expected the crack to be due to sulfur deposition in the areas of high 
current density. Recommendations were made which included modifying the 
shielding/end plates to avoid areas with high current density, lowering the average 
current density from 20 to 16 amps /square foot, and increasing the bath temperature 
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from 115 degrees F to 120 degrees F. In addition, a sulfuric acid activation solution 
was recommended to replace the phosphoric acid solution. 

With the concurrence in the hypotheses and 
recommendations by Mr Malone, the modifications were discussed with the 
electroformer. Following incorporation of the modifications, a new sample in the 
form of a flat plate was plated and analyzed to verify the changes. Bend tests were 
preformed on a thin section and showed excellent ductility. A tensile test in the as- 
deposited condition verified the mechanical properties listed below. 


Ultimate Strength 197 ksi 

Yield Strength 139 ksi 

% Elongation 5.5 % 

Youngs Modulus 27.5 Msi 


Next a full size demonstration chamber was 
prepared for qualification of the plating. Chamber SN 1 was contoured (with no 
channel slots) and sent to the electroformer for plating preparations. OFHC copper 
plugs were substituted for the aluminum end plugs and used on the aft end where 
the crack occurred on SN 3. Due to the unavailability of a large diameter copper 
stock material for the forward plug, a stainless plug was fabricated. Copper was used 
for the SN2 chamber end plugs. The O-ring location on the end plugs was changed 
to avoid internal chamber leakage. A 0.10" thick closeout was applied to verify 
plating quality. Figure 1.4.3.2.2-2 shows the as-deposited SN 1 forging. No cracks 
were detected during the dye penetrant inspection. As a result of this successful 
verification of plating quality, SN 2 chamber was authorized for plating. Based on 
the plating studies with SN 3 and SN 1, SN2 chamber channels were filled with 
Blue Rigidax wax and then plated with 0.20" thick EF NiCo closeout. SN 2 is shown 
in Figure 1.4.3.2.2-3 after electroforming. Nodule formation was reduced and no 
cracks were noted. 
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Figure 1.4.3.2.2-2. Electroformed SN-| Forging 
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1. 4.3.3 


Welding Studies: 


Objectives of the welding studies included: 

1) Demonstration of the weldability of the EF NiCo 
closure. 

2) Evaluation of bond strength in the heat effected 
zone after welding. 

3) Definition of a suitable weld configuration 
schedule. 

Three 0.4" wide rings were machined off the extended 
test material zone on one end of the chamber as shown in Figure 1.4.3.3-1. These 
rings were utilized in the initial weldability experiments on the electrodeposited 
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NiCo. Each of the three sections was subjected to a slightly different anneal cycle to 
assess the weldability, ductility, and susceptibility to hydrogen embrittlement. The 
anneal cycles were as follows: 


Test specimen #1: 600 degrees F for 60 minutes 
Test specimen #2: 800 degrees F for 30 minutes 
Test specimen #3: 800 degrees F for 60 minutes 

Electron beam (EB) welds were made within each of 
the three electrodeposited NiCo rings. No weld cracks were visible in any of the 
three samples, which indicated that the material was weldable and not sensitive to 
the pre-weld anneal cycle. 


Although the anneal cycle reduces the yield strength, 
it also significantly increases the ductility. The strength can be related to the 
material hardness based on previous calibration work conducted as a separate ATC 
IR&D program. 


Using the three samples, welds were then made 
within 0.06" of the NiCo-Cu interface. Experimental results showed disbonding in 
the heat affected zones in each specimen. Further investigations were undertaken 
to explore the mechanisms by which the disbonding occurred. This included 
determining the required temperature for disbonding of NiCo-Cu and defining the 
actual mechanism for separation. 

Specimens remote from the heat effected zone were 
tested for bond shear strength. The parts failed in the copper at shear levels equal to 
those for ZrCu in a nearly hard condition, indicating a strong bond between the 
substrate and the plating. 

Further tests were performed on flat specimens to 
determine the bond strength of EF NiCo to NAS-Z copper substrate. Six lap shear 
specimens were machined with three samples prepared from two disks. The two 
disks were subjected to different plating methods, the first was plated with 0.1" EF 
NiCo and the second was first plated with 0.01" EF CU followed by the 0.1" EF NiCo 
plating. 
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Tests indicated plate bond strength capability in excess 
of 21 ksi shear strength. Specimens displayed either excellent bond or no bond. The 
effect of anneal and the EF Cu underplating on the bond strength was inconclusive. 

The effect of the EB weld on the electrodeposited alloy 
was indicated by hardness profiles taken of the sample. The low hardness 
measurements at the weld indicate a very ductile material. Most of the high tensile 
strength present in the deposited material is lost at the weld. Therefore, the design 
of the weld affected zone for the chamber utilized the mechanical properties of the 
NiCo as that of fully annealed Ni. 

The NiCo alloy hardness and grain structure at the 
copper separation zone suggested thermally induced mechanical stresses were 
responsible rather than melting or overheating at the NiCo-Cu interface. Results of 
bend tests performed on typical electrodeposited NiCo-Cu samples, shown in Figure 
1.4.3.3-2, revealed no disbonding. Although no difficulties were encountered in the 
NiCo-Cu welds, weldability of NiCo to Ni was also studied. Additional design data 
obtained from the pilot chamber samples include: 

1) NiCo interface tensile bond strength. 

2) Minimum tensile strength of Ni to NiCo EB Weld 

3) Minimum tensile strength of Ni to 304L EB Weld 

As a result of the weld feasibility studies, the cooled 
chamber manifold attachment underwent several design iterations. These design 
changes were made to create a support structure capable of sustaining an internal 
proof pressure of 3000 psi, a channel proof pressure of 7500 psi, and an operating life 
approaching 500 cycles. Special attention was paid to the EB welds to avoid the 
previous problems with the NiCo to Cu disbonds. 

One of the more difficult welds was the 0.2" deep 
circumferential EB weld between the EF NiCo closeout and the 304L CRES which 
forms the inlet manifold. Two modifications which made the weld successful were 
increasing the thickness of the EF NiCo from 0.07" to 0.17" and making the 
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Increased Bath Temperature 
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Figure 1.4.3.3-2. EF NiCo Bond Sample 






specimen heat sink more closely resemble the heat sink available in the full scale 
chamber. 

1.4.4 Proof Tests 

Proof tests of the EF NiCo closeout were planned to test 
the integrity of the EF NiCo to NAS-Z Cu bonds. A 7500 psi hydrostatic proof test 
was performed on the tool proof liner (SN 3). The critical area is in the throat 
region where the lands are only 0.011" wide. 

An electroformed closeout seals the forward end of the 
chamber while the aft end is connected to a manifold. Hydrostatic proof tests with 
7500 psi water were performed for two minutes with no visible deformation. After 
successful completion of the 7500 psi proof test, a room temperature gaseous H 2 

proof test was performed for two minutes to check for hydrogen embrittlement. 
Again no deformation was observed. 

The pilot chamber was then subjected to five cryogenic 
liquid nitrogen dip cycles to simulate filling of the channels with cryogenic liquid 
hydrogen cooling. The chamber was proof tested with 7500 psi gaseous hydrogen, 
again with no visible deformation. The pilot chamber was next sectioned to 
examine the bonds in the throat region. Metallurgical examination of the EF NiCo - 
Cu joint indicated sound bonds existed. Since the proof test with gaseous hydrogen 
at room temperature was not detrimental to the bond, regenerative cooling with 
cryogenic hydrogen was not considered a risk since hydrogen embrittlement effects 
have been shown to be more pronounced at room temperature. 

1.4.5 Flow Tests 

To facilitate the cold flow tests, two aluminum 
manifolds were fabricated and assembled. One manifold was designed to pressurize 
all channels to check for channel-to-channel flow uniformity and the other to direct 
pressure to single channels. Both manifolds were alternately used to assure visual 
flow uniformity. Figure 1. 4.5-1 shows the aluminum manifold attached to the 
cooled throat. Visual results of the water flow tests are shown in Figure 1. 4.5-2 and 
1. 4.5-3. Figure 1. 4.5-4 is a plot of the cold flow Kw values for the cooled throat. 
Values for Kw are documented for later reference. Since Kw is calculated from 
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Figure 1. 4.5-1. Cold Flow Fixture 
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Figure 1. 4.5-2. LH 2 Cooled Throat Cold Flow Testing 
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Figure 1. 4.5-3. LH 2 Cooled Throat Cold Flow Testing 





know pressure drops and flowrates, any restrictions due to debris is event during 
subsequent cold flow Kw checks. 

Based on the visual inspection of the flow uniformity, 
the absence of restrictions in the coolant channels was verified. After the water flow 
tests were complete, the cooled throat was cleaned, bagged and transported to the EB 
weld facility. Weld samples verified the weld parameters and penetrations before 
the actual welds were performed. 

To facilitate the cold flow tests, a manifold is attached to 
the forward end to allow warm perchlorethelene to flow through the channels for 
final wax removal. Water is used in the actual flow tests. Relative flow from each 
group of channels provides visual information on any potential channel blockage. 


Prior to installing the cooled throat hardware on the test 
stand, a freon flow check of the channels was used to verify the cleanliness level. 
The effluent was filtered and inspected under 10X magnification for particle 
presence. 


After the injector was mounted on the test stand, a final 
series of proof/leak tests was performed. A proof plate was designed and fabricated 
for assembly to the cooled throat front end manifold. Leak tests were performed 
with GN 2 at 250, 500, and 1000 psig. 
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1.5 Filter 


1.5.1 Design 

A filter was designed as part of the secondary coolant 
inlet manifold for the throat section (Figure 1.5. 1-1). This was included as a 
safeguard against potential clogging of the throat channels during operation. A 
downstream plenum was included to redistribute coolant behind any blocked 
portion of the filter. Structural analysis indicated a filter size of approximately 0.15" 
to 0.20" wide by 0.030" thick. Pressure drops were expected to be less than 500 psi 
across the filter during startup transients. Slow entry of the coolant into the 
manifold is desired to avoid a large pressure drop during fill. The actual pressure 
drop across the filter during operation was expected to be less than 100 psi. 

1.5.2 Fabrication 

The filter was fabricated using Aerojet photoetch platelet 
technology. Individual 347 CRES platelet rings (0.040" wide x 0.009" thick) were 
depth etched to form radial channels. A sample platelet is shown in Figure 1 .5.2-1. 
Inspection of the channel widths was made using a stereomicroscope. After 
inspection the platelets were stacked and bonded. 

Approximately 28 Stainless Steel platelets were bonded 
to form an annular ring with approximately 20,000 each 0.008" diameter filtering 
holes. A closeup of the filter is shown in Figure 1. 5.2-2. Burrs were present on the 
filter holes and a deburring operation was attempted. However due to the size and 
number of channels, success of the deburring was limited. Next water was flowed 
through the manifold at approximately 200 psia to remove any loose burrs. 
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CRES 347 
Manifold Filter 



0.008-0.009 
Filtering Holes 


End Ring 


28 Each- E,ched 

Platelets 


View from O.D. 


Figure 1. 5.2-2. Closeup of Manifold Filter Screen 
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2.0 


Hot Fire Test Facility 


2.1 Description 

The tests described in this report were conducted at ATC's Rocket 
Development Laboratory (Test Area A). The OTV Thrust Chamber Assembly (TCA) 
hardware was installed in Test Bay 6 (Figure 2.1-1) which has provisions for 
handling gaseous and cryogenic propellants. The run tanks available include a 150 
gal, 5500 psig liquid hydrogen tank, a 58 cubic foot gaseous hydrogen cascade, and a 
50 gal, 5500 psig liquid oxygen tank. The test area converts liquid oxygen to gaseous 
oxygen which is then stored in a 50 cubic foot, 6000 psig tank. 

The test bay is connected to the laboratories central control and 
instrumentation system which provides automatic computer control of test 
functions and high speed data acquisition with on-line data reduction. 

2.1.1 Heat Sink Chamber & Throat Test Setup 

A schematic of the test stand used in testing of the 
injector with the heat sink chamber and throat is shown in Figure 2.1. 1-1. Flow 
regulators are used to set and adjust flowrates of the gaseous hydrogen and oxygen 
propellants. Sonic venturis are located upstream of the regulators for calculation of 
the flowrates. Augmentation circuits provide the fuel and oxidizer flow to the 
igniter. 


Figure 2. 1.1 -2 is a photograph of the actual test stand with 
the heat sink hardware prior to testing. 

2.1.2 Modifications to Test Setup for Heat Sink Chamber & 
LH 2 Cooled Throat Tests 

Facility definition and modification was undertaken for 
the high pressure tests with the heat sink chamber, centerbody and the cooled 
throat. A schematic of the facility for the high PC tests is shown in Figure 2. 1.2-1. 
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Figure 2.1-1. OTV TCA Test Facility 
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Figure 2.1.1-1. Heat Sink Test Assembly Schematic 


ORIGINAL PAGE IS 
OF POOR QUALITY 





ORIGINAL PAGE IS 
OF POOR QUALITY 



95 


Figure 2.1. 1-2. Test Stand Setup for Low PC Test Series 


Figure 2.1. 2-1. Test Facility Schematic 









During the low pressure test series, regulators were used 
to control the sonic venturi upstream pressures. The response times of these 
regulators were slower than desired, because orifices were required upstream of the 
regulator dome to limit the dome pressurization rate to assure proper regulation. 

To increase the valve response time for the high pressure test series, control valves 
replaced the regulators in the gaseous O 2 and H 2 inlet lines. On the gaseous oxygen 

line, space was available for the control valve to be directly substituted for the 
regulator. However, on the fuel side, space limitations caused the control valve to 
be placed in the line about a foot upstream of the sonic venturi, as shown in Figure 
2 . 1 . 2 - 2 . 

The fuel & oxygen augmentation circuit used for 
obtaining ignition remained unchanged from that used in the low PC test series. 

The addition of a liquid hydrogen circuit was made to 
supply LH 2 to the cooled throat section. Flow control of the high pressure LH 2 was 

a major concern. Because of this, flowrates and inlet pressures into the cooled 
throat were adjusted prior to each new test to demonstrate cooling at the proper 
levels. A turbine flowmeter was placed downstream of the venturi to enable the 
flowrates to be accurately measured. Cavitating venturis and a back pressure orifice 
control the LH 2 inlet pressures and flowrates. Figure 2. 1.2-3 shows the cooled throat 
test stand and inlet LH 2 lines. The LH 2 exit line is shown in Figure 2.1. 2-4. 

2.2 Instrumentation 

A list of the instrumentation used in the OTV 3K TCA test 
program is presented in Table 2.2-1. Locations of the pressure transducers are noted 
on Figures 2.1.1-1 and 2. 1.2-1. Changes of the pressure transducers between the low 
and the high chamber pressure set of tests are noted on Table 2.2-1 by an asterisk. 

Additional instrumentation added to monitor the cooled throat 
parameters are listed on Table 2.2-II. 
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Figure 2.1. 2-3. LH 2 Cooled Throat Test Stand - View of LH 2 Inlet Line 
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Figure 2.1. 2-4. LH 2 Cooled Throat Test Stand - View of LH 2 Exit Line 




TABLE 2.2-1 

INSTRUMENTATION LIST 



Function 

Type 

Range 

FA, FB 

Thrust 

Dual Bridge SG 

200-2000 lbF 

Pc 

Chamber Pressure 

SG Tabor 

1000*, 2000 

P oj 

Ox Manifold Pressure 

SG Tabor 

1000*, 2500 

P fj 

Fuel Manifold Pressure 

SG Tabor 

1000*, 2500 

P 0 FM (1&2) 

0 2 Venturi Inlet 
Pressure 

SG Tabor 

TBD 

PFFM (1&2) 

H 2 Venturi Inlet 
Pressure 

SG Tabor 

TBD 

POV 

Pressure Ox Valve Inlet 


1000*, 2500 

PfV 

Pressure Fuel Valve Inlet 


1000*, 2500 

PHm 

Pressure LH 2 to Cooled 
Throat 


5000 psi 

ph 2 

Cooled Throat Pressure 
Drop 


500 psi 

PcHf (3) 

High-Frequency Chamber 
Press 

Kistler He Bleed 


PoT 

0 2 Supply Pressure 

SG Tabor 

4500 psi 

PfT 

H 2 Supply Pressure 

SG Tabor 

4500 psi 

EOV 

Ox Pilot Valve Voltage 


28 V 

EFV 

Fuel Pilot Valve Voltage 


28 V 

LVO 

LOX Valve Position 
Indicator 


0-1 in. 

LVF 

Fuel Valve Position 
Indicator 


0-1 in. 

S 

Spark Plug Discharge 
Voltage 


TBD 

EOVI 

0 2 Igniter Valve 
Voltage 


28 V 

EFVI 

H 2 Igniter Valve 
Voltage 


28 V 

TCR (1&2) 

Resonator Cavity Temp 

Pt-Rh (B or R) 
dia 0.062 in. 

3000 »F 

TofM (1&2) 

Ox Venturi Inlet Temp 

C/A (K) 

70 ±±0«F 

TfFM (1&2) 

Fuel Venturi Inlet Temp 

C/A (K) 

70 ±±t0«F 

Tp (1&2) 

Flange Temp at 
Resonator 

C/A (K) 

0-2000»F 

•Low-pressure test series. 
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TABLE 2.2-1 (cont.) 


Thermocouples: 

Designation Function 

Type 

Range 

TCB 0.5* 
0° & 90°** 

Centerbody Calorimeter 
Segment I 

Chromel/Alumel (C/A) 
Type K (k) 

0-2000°F 

TCB 2.3, 
0° & 90° 

Centerbody Calorimeter 
Segment I 

C/A(K) 


TCB 4.45, 
0° & 90° 

Centerbody Calorimeter 
Segment II 

C/A(K) 


TCB 7.5, 
0° & 90° 

Centerbody Calorimeter 
Segment III 

C/A(K) 


TCB 11.3, 
0° & 90° 

Centerbody Nose Section 

C/A(K) 


TCB 12.1, 
0° & 90° 

Centerbody Nose Section 

C/A(K) 


TCB 12.5, 0° 

Centerbody Tip 

C/A (K) 


TC 0.75, 
0°, 90° 

Chamber Calorimeter I 

C/A (K) 

0-2000°F 

TC 2.60, 
0°, 90° 

Chamber Calorimeter II 

C/A(K) 


TC 4.75, 
0°, 90° 

Chamber Calorimeter II 

C/A (K) 


TC 7.80, 
0°, 90° 

Chamber Calorimeter III 

C/A(K) 


TC 10.10, 
0°, 90° 

Convergent Nozzle 

C/A(K) 


TC 11.85, 
0°, 90° 

Convergent Nozzle 

C/A(K) 
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TABLE 2.2-1 (cont.) 


Thermocouples: 

Designation Function 

lygg 

Range 

TC 13.0, 
0°, 90° 

Convergent Nozzle 

C/A(K) 


TT 13.70, 
0°, 90° 

Throat Calorimeter 

C/A(K) 

0-2000°F 

TT 14.3 
0°, 90° 

Throat Calorimeter 

C/A(K) 


TT 14.9, 
0°, 90° 

Throat Calorimeter 

C/A(K) 



* Axial distance from injector face, in., 
** angular locations, deg. 



TABLE 2. 2-II 


OTV HIGH PRESSURE COOLED THROAT INSTRUMENTATION 
MODIFICATIONS FROM LOW Pc TEST SERIES 


WLHF 

LH 2 Coolant Flow Rate 

0-1 lbm/sec 

PLHG 

LH 2 Coolant Flowmeter Pressure 

1000-5500 psia 

TLHF 

LH 2 Coolant Flowmeter Temp (RTD) 

30-120 R 

TLHI 

LH 2 Coolant Inlet Temp (RTD) 

30-120 R 

TLH01 

LH 2 Coolant Outlet Temp (RTD) 

30-300 R 

TLH02 

LHo Coolant Outlet Temp 
(Type T TC) 

30-300 R 

PLHI 

LH 2 Coolant Inlet Manifold 
Pressure 

1000-5500 psia 

PLHO 

LH 2 Coolant Outlet Manifold 
Pressure 

1000-5500 psia 

TCT 1&2 

Cooled Throat OD Temp (CR/AL TC) 
0 and 90 

100-1000 F 

TCT 3&4 

Cooled Throat OD Temp (CR/AL) 
0 and 90 

100-1000 F 

TCT 5&6 

Cooled Throat OD Temp (CR/AL) 

100-1000 F 
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TCA Testing 


3.0 Test Description 
3.1 Test Plan 

The TCA test program was configured to supply data to support the 
design verification as follows: 

1) Low Pressure Ignition 

a) Direct Spark 

b) Oxidizer Rich Torch 

2) Chamber Thermal Characteristics 

a) Total heat load to centerbody 

b) Total heat load to outer chamber 

c) Local heat flux at selected stations 

d) Injector face cooling 

e) Resonator cavity cooling 

3) TCA Performance 

a) C* combustion efficiency 

b) Thrust based energy release efficiency 

To accomplish these objectives three hot fire test series (#2 - 4) were 
planned for the 3K OTV Thrust Chamber Assembly as described below. 


Series 2: 

Low pressure ignition tests 

Series 3: 

Low pressure stability, performance, and thermal 
characteristics. 

Series 4: 

High pressure stability, performance, and thermal 
characteristics. 

Cold flow testing of the injector was studied under Series 1 and is 
discussed in Section 1.1.3. These cold flow tests verified non-blockage of the 
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propellant passages, established the Kw and CdA coefficients for the injector, and 
provided valve response times. 

Series 2 through 4 involved hot fire testing of the injector. Series 2 
was designed as a set of low pressure tests for ignition verification at tank head start 
modes. Series 3 investigated the stability, performance, and thermal characteristics 
at low chamber pressure firings. Series 4 investigated the stability, performance, and 
thermal characteristics at high chamber pressure firings. The throat section was 
changed between test series 3 & 4 from a heat sink throat to an LH 2 cooled throat. 

3.2 Test Summary 

3.2.1 Conduct of Tests 

3.2.1. 1 Low Pressure Direct Ignition 

Direct ignition involves a spark discharge within the 
combustion chamber without augmentation of oxidizer, and is theoretically the 
simplest approach to ignition. The igniter port is located in the resonator cavity of 
the injector, as described in Section 4.1. Historically, the direct ignition approach has 
not always been successful due to the dependency on the mixture ratio in the spark 
gap zone. Augmentation of GO 2 in the spark zone is available in the event of poor 

ignition reliability. In the event oxidizer augmentation would be required, a 
separate valve or check valve is necessary to terminate the O 2 flow following 

ignition. The response time of the power supply has been recorded as 10 ms. 
Actuation of the spark is timed to coincide with simultaneous propellant flow into 
the manifolds. The augmentation circuit, which simulates tank head ignition at 30 
psig, is used for all start transients. Nominal mixture ratio during the tank head 
start is 5.0. Assuming augmentation venturi sizes of 0.079 inches for the oxygen and 
0.070 inches for the fuel, the upstream venturi pressures are set by regulators to 870 
psia and 880 psia, respectively, for the oxidizer and fuel. 

3.2.1. 2 Combustion Stability 

To define stable operation, three Kistler pressure 
transducers are located on the back of the injector. These pressure transducers 
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monitor the pressure in 3 of the 12 resonator cavities. In the event of combustion 
instability developing, resonator cavity tuning blocks can be sized, fabricated, and 
installed. Each cavity has two threaded holes to retain the tuning blocks. In 
addition, threaded holes are used to provide and control GH 2 bleed to the cavities. 

The main function of the bleed is for active cavity cooling. Control of the bleed flow 
is obtained by sizing the bleed flow holes in the screws. 

3.2.1.3 Performance and Hydraulics 

Thrust and pressure based Isp and C* data were 
obtained on all tests. NBS traceable critical flow nozzles with upstream temperature 
and pressure measurements were utilized in the flow rate calculations. Pressure, 
pressure drop, and calculated injector CdA information were generated for each test. 

3.2.1.4 Thermal Characteristics 

Local heat flux data for cooling system design and the engine cycle power balance 
were generated for each test condition. The transient response of each 
thermocouple during the test was used to compute local heat flux values as 
described in Section 1.2. 

3.2.1. 5 LH 2 Cooled Throat 

The LH 2 cooled throat underwent proof and leak 
testing prior to hot fire testing. A proof fixture was assembled to the cooled throat 
front end manifold for the leak/ proof test. The leak test was performed at 250, 500, 
and 1000 psig with GN 2 . Internal proof test at 3000 psig on the cooled throat was 

performed simultaneously with a hydrostatic channel proof at 7500 psig for a 
duration of 5 minutes. The plate was then reversed and bolted to the calorimetric 
hardware without the throat for similar proof and leak testing. 

Prior to flow of LH 2 though the cooled throat, the 
following sequence of operations was followed to ensure complete evacuation of air 
or moisture from the cooled throat channels. 
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1) Three hours prior to test, initiate a warm GHe 
purge. 

2) One hour prior to test, initiate a low pressure LH 2 
trickle from the storage tank. 

3) Once the inlet temperature to the cooled throat 
reaches 150 R, the hardware will be considered 
properly chilled down for the test. The low 
pressure LH 2 bleed will be continued until the test 

is ready to commence. Five seconds prior to the 
test, the high pressure LH 2 be activated. 


Figure 3.2. 1.5-1 displays the preferred pre-test purge 
and start sequence showing the individual valve actuations. This sequence was 
slightly adjusted based on the cold flow results which measured actual valve 
response times. 


3.2.1.6 Instrumentation Shutdown Parameters 

The following test conditions were cause for 
automatic termination of a test. 

TCB 0.5 -90 > 1300 F 

TCB 2.3 -90 > 1300 F 

TCB 4.45-90 > 1300 F 

TC 0.75-90 > 1300 F 

TT-OD > 400 F 

Coolant temperature rise across the cooled throat 
channels < 300 F 

3.3 Test Plan 


The low chamber pressure test series plan is outlined in 
Table 3.3-1. Tests were to be conducted over a range of chamber pressures of 200 to 
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Figure 3.2.1.5-1. OTV Cooled Throat Suggested Pre-Test Purge & Start Sequence 



TABLE 3.3-1 


OTV HEAT SINK CHAMBER TEST 
PROPOSED LOW PRESSURE TEST SERIES 


Test 

No. 

Pc 

psia 

MR 

w 0 

(lbm/sec) 

w 0 

(lbm/sec) 

POJ 

(psia) 

PFJ 

(psia) 

POVI 

(psia) 

PFVI 

(psia) 

Du 

sec 

1 

200 

4 

.47 

.12 

281 

230 

293 

386 

5 

2 

400 

4 

.94 

.23 

437 

455 

586 

740 

5 

3 

400 

6 

1.06 

.18 

448 

432 

661 

579 

5 

4 

400 

8 

1.19 

.15 

460 

422 

742 

483 

5 

5 

500 

6 

1.33 

.23 

560 

540 

826 

724 

5 

6 

600 

4 

1.41 

.35 

655 

685 

879 

1127 

5 

7 

600 

5 

1.50 

.30 

663 

661 

935 

966 

5 

8 

600 

6 

1.59 

.26 

672 

648 

991 

837 

5 

9 

600 

7 

1.68 

.24 

683 

639 

1047 

77 2 

5 

10 

600 

8 

1.77 

.22 

689 

632 

1103 

708 

5 


Kev : 

Pc- Chamber Pressure 

w 0 - Ox Flow Rate 

wf - Fuel Flow Rate 

POJ - Pressure Ox Injector Manifold 
PFJ - Pressure Fuel Injector Manifold 
POVI - Pressure Ox Inlet Venturi 
PFVI - Pressure Fuel Venturi Inlet 

Dur - Test Duration 


no 


600 psi with mixture ratio distributions from 4 to 8. Test durations were expected to 
be on the order of 5 seconds. 

Table 3.3-II outlines the high chamber pressure cooled 
throat test matrix. Tests were to be conducted at 4 different chamber pressures from 
500 to 2000 psia with mixture ratios in the range of 5 to 7. These ranges were selected 
as representative of the overall expected operating range of the OTV engine. 


4.0 Data Evaluation 

The operating range of the actual tests is illustrated in Figure 4.0-1. 
Operation was demonstrated over a range of mixture ratios from 4.2 to 7.6. 

Summaries of the test results are listed in Tables 4.0-1 to 4.0-III. 

Notes from the low and high chamber pressure tests are listed in Tables 4.0- 
IV and 4.0-V respectively. 

4.1 Low Pressure Ignition 

Three possible start modes are envisioned for the OTV engine: 

1) Tank head start - 5 to 20 psia supply 

2) Electric motor driven boost pumps - 40 psi supply 

3) Stored gas bottles - 500 to 1000 psi supply 

Previous H 2 / O 2 engines utilized an injector face center mounted 
oxidizer rich torch/spark ignition system. This design has proven highly successful 
in a wide range of applications at pressures up to 2000 psia. Specifications for 
operation of the OTV in a tank head start mode required verification of the ignition 
system at low pressures. 

Two igniter concepts were evaluated for the OTV design, torch 
(Section 4.1.1) and direct (Section 4.1.2) ignition. An igniter port was located in the 
resonator cavity of the OTV injector, as shown in Figure 4.1-1. This port can be 
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Table 3.3-11 

OTV High Pressure Cooled Throat Test Matrix 


MAIN INJECTOR CIRCUIT 


AU6HENTAT10N CIRCUIT NR=5 


TEST 

Pc 

HR 

No 

Nf 

P0J 

PFJ 

POVI 

PFV1 


PAG0V1 PAGFVI No Nf 

NO. 

psia 


lba/sec 

Ibs/sec 

psia 

psia 

psia 

psia 


psia psia 1 b-f /sec Ibf/sec 






*1 

*2 

*3 

*4 


*5 

*6 

1 

1000 

6 

2.647 

0.441 

1070 

1045 

1620 

1869 


870 880 0.101 0.02 

2 

1500 

6 

3.951 

0.659 

1603 

1566 

2417 

2792 




3 

2000 

6 

5.247 

0.B75 

2131 

2000 

3210 

3708 




4 

2000 

5 

4.975 

0.995 

2110 

2114 

3044 

4216 




5 

2000 

7 

5.535 

0.791 

2146 

2072 

3387 

3352 




6 

1500 

5 

3.740 

0.740 

1593 

1586 

2288 

3169 




7 

1500 

7 

4.172 

0.596 

1614 

1554 

2553 

2525 




8 

1000 

5 

2.501 

0.500 

1070 

1057 

1530 

2119 




9 

1000 

7 

2.799 

0.400 

1085 

1037 

1713 

1695 




10 

500 

5 

1.255 

0.251 

546 

529 

768 

1064 




11 

500 

6 

1.332 

0.222 

549 

523 

815 

941 




12 

500 

7 

1.410 

0.201 

554 

519 

B63 

852 







LH2 COOLANT CIRCUIT 






Key: 


TEST 

LH2 Nf 

ThrtDelP 

PCT0 

PCTI 

Tin 

Tout 

PCVI 

PBP0 

VENTURI 

Pc 

Chamber Pressure 

NO. 

Iba'sec 

psia 

psia 

psia 

R 

R 

psia 

psia 

RATIO 

MR 

Mixture Ratio (O/F) 
Ox Flow Rate 



*B 

#9 




*10 

*11 

*12 

t o 

Fuel Flow Rate 











POJ 

Pressure Ox Injector 

1 

0.366 

203 

1940 

2143 

100 

330 

2824 

1904 

0.76 


Manifold 

2 

0.547 

223 

2860 

3003 

100 

323 

4299 

2815 

0.72 

PFJ 

Pressure Fuel 

3 

0.726 

228 

3740 

3968 

100 

315 

449B 

3690 

0.68 

POVI 

Injector Manifold 
Pressure Ox Venturi 
Inlet 

4 

0.826 

275 

4160 

4435 

100 

304 

5117 

4124 

0.07 

5 

0.657 

208 

3470 

3678 

100 

331 

4070 

3423 

0.90 

PFVI 

Pressure Fuel 

6 

0.621 

240 

3170 

3410 

100 

310 

4000 

3131 

0.70 


Venturi Outlet 

7 

0.495 

203 

2660 

2863 

100 

343 

3054 

2625 

0.74 

PAGOVI 

Pressure Aug. Ox 

B 

0.415 

202 

2140 

2342 

100 

314 

3202 

2106 

0.73 

PAGFVI 

Valve Venturi Inlet 
Pressure Aug. Fuel 

9 

0.332 

18B 

1040 

2020 

100 

358 

2500 

1799 

0.81 


Valve Venturi Inlet 

10 

0.208 

200 

1000 

1200 

100 

259 

1489 

959 

o.ei 

Lineup 

LH 2 Flow Rate 

11 

0.1B4 

200 

900 

1100 

100 

270 

1299 

866 

0.85 

PCTP 

Pressure Cooled 

12 

0.167 

200 

830 

1030 

100 

274 

1172 

792 

0.8B 


Throat Outlet 


PCTI Pressure Cooled 


NOTES: 

*1 - injector ox circuit CdA = function of No 

*2 - injector fuel circuit CdA = 0.1647 in2 

*3 - sain ox venturi CdA = 0.0661 in2, dia = 0.290 in 

*4 - sain fuel venturi CdA = 0.0387 in2, dia = 0.224 in 

*5 - augaentation ox venturi CdA = 0.0049 in2, dia = 0.079 in 

♦6 - augaentation fuel venturi CdA = 0.00385 in2, dia - 0.070 in 

*7 - cooled throat ideal pressures based in power balance 

*0 - throat delta P including channels, filter, and aani folds 

*9 - real throat pressures based on back pressure orifice 


Tin 

T out 

PCVI 

PCVO 


*10 - coolant venturi (test 1-9, CdA = 0.0085 in2, dia =0.105), (test 10-13, CdA = 0.011, dia = 0.119) 


*11 - coolant back pressure orifice CdA = 0.0249 in2, dia = 0.230 in 


Throat Inlet 
Temp. Cooled 
Throat Inlet 
Temp. Cooled 
Throat Outlet 
Pressure Cooled 
Throat Venturi Inlet 
Pressure Cooled 
Throat Venturi 
Outlet 


*12 - recovery of coolant venturi (Pinrl/PCVI) 




112 



Chamber Pressure (psia) 
(Thousands) 


OTV 3K TCA Operating Range 



1 3 5 7 9 

Mixture Ratio (0/F) 


Figure 4.0-1 Demonstrated Operating Range 
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Table 4.0-1 

TCA Hot Fire Test Summary 
(Before Injector Modification) 
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Table 4.0-11 

OTV Hot Fire Test Reduced Data 
(Modified Injector) 
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Table 4.0-1 1 1 

OTV 3K TCA Cooled Throat Hot Fire Test Summary 



Test 

No. 

2459-120 

-137 

-138 

-140 

-144 

-145 

-146 

-147 

-149 

-150 

-151 

-154 

-155 

Key: 

F 

Pc 

MR 

Dur 


Table 4.0-IV 

OTV Hot Fire Test Comments 


1 

— ■** 

cr -n 

|-ti 

Pc 

(psia) 

MR 

Dur 

(sec) 

Comments 

_ 

28.0 

5 

1.0 

Ignition test - direct igniter 

- 

28.9 

5 

1.0 

Ignition test - direct igniter 

166 

190 

4 

5.0 

Full ignition test 

389 

389 

4 

4.6 

1300° F kill on centerbody, still 
steady state 

395 

390 

6 

5.0 

Full duration test 

399 

393 

8 

5.0 

Full duration test 

525 

516 

6 

4.5 

1300°F kill on centerbody, still 
steady state 

618 

626 

4 

3.5 

1500°F kill on throat, still 
steady state 

599 

598 

5 

2.6 

1500°F kill on throat, barely 
steady state 

615 

611 

6 

2.6 

1600°F kill on throat, barely 
steady state 

529 

532 

7 

3.5 

1600°F kill on throat, steady 
state 

512 

527 

5 

4.2 

1300°F kill on throat, steady 
state 

Thrust 

Chamber Pressure 
Mixture Ratio 
Test Duration 
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TABLE 4.0-V 


LH 2 COOLED THROAT HOT FIRE TEST COMMENTS 


Test 

Date 

Pc 

MR 

Comments 

-108 

7/15/87 

1000 

6 

Temp kill increased to 1500 deg F 
for following tests 

-109 

7/15/87 

1000 

5 

Throat measures 0.965" dia 

-110 

7/15/87 

1000 

7 

Exhaust appears green at shutdown 

-111 

7/15/87 

500 

6 

90 deg TC's on OB went overscale, 
some green in exhaust 

-112 

7/21/87 

2000 

6 

Short igniter light, reset 

-113 

7/22/87 

2000 

6 

No green in exhaust 

-114 

7/22/87 

2000 

5 

Kill on TCBO.5 @ 1650 F 

-115 

7/22/87 

2000 

7 

Kill on TCBO.5 @ 1600 F, green 
toward shutdown 

-116 

7/22/87 

1500 

6 

Insufficient GH 2 to pressurize 


LH 2 tank 

Key: 

Pc - Chamber Pressure (psia) 

MR - Mixture Ratio (Ox /Fuel) 
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Figure 4.1-1. Injector Following Igniter Checkout Tests 


fitted with a long electrode spark plug (direct ignition) or a more traditional torch 
igniter having its own propellant supply. 

Provisions were made within the igniter housing to enable 
operation of either a torch or a direct igniter. The two designs are illustrated in 
Figure 4.1-2. For the torch ignition, valves were used to flow propellants to the 
electrode to initiate ignition. For the direct igniter scheme, these flow paths were 
not used. Critical dimensions of the igniter include spark gap, chamber diameter, 
cold flow pressures, and cooling flow distribution. These dimensions were selected 
based on ATC ignition and cooling models and supporting analysis. The initial test 
plan for the igniter is outlined in Figure 4.1-3. 

4.1.1 Oxidizer Rich Torch Ignition 

A photograph of the torch ignition hardware is shown in 
Figure 4.1. 1-1. Gaseous hydrogen and oxygen ports are provided in the igniter 
housing. Flow paths within the igniter assembly are formed by channels machined 
onto the surfaces of washers and cylinders. The flow paths deliver the propellants 
to the spark electrode tip where they are ignited and propagate as a flame down the 
oxidizer rich cylinder to ignite the elements. This is a simplification of an ATC 
design liquid propellant igniter which utilized platelets to distribute the propellants 
to the tip of the electrode. Modifications to the aviation engine spark plug included 
removal of the ground, shortening of the electrode, and recessing of the ceramic 
insulation. Nominal test parameters are listed in Table 4.1. 1-1. 

Figure 4. 1.1 -2 shows the igniter housing mounted on the 
test stand. The configuration used for testing the torch igniter is shown 
schematically in Figure 4.1. 1-3. Each nominal test series contained 1 cold pulse 
(valves actuated but no spark) followed by 9 hot pulses (valves and spark actuated) 
with a 10 second delay between each pulse. Ignition was determined by the igniter 
chamber pressure rise in comparison to the first cold pulse and by visual 
observation of the flame. Visual inspection of the igniter port and injector face was 
performed after each test series. A total of 76 hot pulses, 100% successful, was 
recorded during testing. 
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Figure 4.1-2. Torch & Direct Igniter Concepts 






DIRECT IGNITER 



Igniter Test Logic 


Figure 4.1-3. Igniter Test Logic 
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Figure 4.1. 1-1. Disassembled Torch Igniter 



TABLE 4.1.1-I 


OTV TORCH IGNITER 
NOMINAL TEST PARAMETERS 


Spark Rate (sparks/second) 

300 

Spark Power Supply (mi lli joules) 

10 

Spark Response Time (sec) 

0.015 

Oxidizer Valve Response Time (sec) 

0.030 

Fuel Valve Response Time (sec) 

0.040 

Pulse Duration (sec) 

0.2-0. 3 

Overall Mixture Ratio Test Range 

3.6 ± 1.0 

Core Mixture Ratio Estimated 

26 to 46 

Test Sequence Range 

21.1 - 25.4 

Oxidizer Lead = .010 and .030 sec 
Fuel Lead = .010 and .030 sec 




Figure 4.1. 1-2. Preassembled Torch Igniter Hardware 




Z CHECK VALVE 
(^REMOTE VALVE 


§ PRESSURE REGULATOR 


) (VENTURI 


Figure 4.1. 1-3. Test Configuration for OTV Torch Igniter 
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These tests were conducted over the following range of mixture ratios and valve 


sequences. 


MR overall 
MR core 
Supply Pressure 
Valve sequence 


2.6 to 4.6 

26 to 46 

21 to25psia 

Ox lead 0 to 0.03 seconds 

Fuel lead 0 to 0.03 seconds 


Next a series of 20 low pressure (25 to 35 psia) tests was 
conducted using the torch igniter. The objective was to characterize the 
injector /annular combustion chamber under tank head idle mode operating 
conditions. The test parameters included valve sequencing and igniter sequencing. 
Table 4.1.1-II and 4.1.1-III provide a complete listing of the test conditions, valve 
sequencing and overpressures. These tests range from 1 to approximately 10 seconds 
in duration. 


The igniter test series was conducted by activating the 
oxidizer rich core torch igniter ahead of the main injector flow. The igniter lead 
time was reduced in 0.010 second increments until the igniter was activated after 
main propellant flow was established. As indicated previously, ail tests resulted in 
an acceptable start transient, however, the simultaneous sequence used in tests #109 
and 110 was found to be best. Figure 4.1. 1-4 shows the Pc trace on the various 
sequences. 


Test #114 employed the same simultaneous sequence as 
#109, but resulted in a start which resembled a delayed igniter. Repeat tests #115 and 
116 suggested that the igniter was not receiving full propellant flow. This was 
subsequently traced to a faulty igniter O 2 valve. Tests #117 through #120 were 

conducted by activating only the spark system, i.e., no flow to the torch igniter. 
Successful direct ignition was attained on all four tests. Test #119 of Figure 4. 1.1 -5 
shows a typical direct ignition start. 

The tests demonstrated the torch igniter to be insensitive 
to potential operational variables. Figure 4.1. 1-6 displays a sample oscillograph trace 
of 1 hot pulse with simultaneous spark and valve electrical actuation. A 
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OTV TORCH IGNITER TEST SUMMARY 
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OTV HOT FIRE TEST SUMMARY 
AUGMENTATION CIRCUIT/TORCH IGNITER 
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Time Scale: 


0.1 SEC 


I NJLCTOK MAN I OLD I’RLSSURL RISE 





Figure 4.1. 1-4. Effect of Igniter Sequence on Ignition 
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ANO IGNITION DELAT - 0.028 SEC 
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Figure 4.1. 1-5. Test #122 Direct Ignition Start 




fOx. Start 



Figure 4.1. 1-6. OTV Torch Igniter Test: Pressure Response to 
Signal Initiation 


simultaneous signal to the valves yields a 0.010 second oxidizer lead into the 
chamber because of the slower response of the fuel valve. 

4.1.2 Direct Spark 

The use of a direct ignition method is simpler and 
involves a spark discharge within the combustion chamber. However, this 
approach is highly dependent on the mixture ratio in the spark gap zone. Therefore, 
provision was made for GO 2 augmentation in the spark zone if needed for 

reliability. 


Figure 4. 1.2-1 is a photograph of the spark plug used as 
the direct igniter. For this concept the spark plug was not modified. Rather the long 
electrode extended into the combustion chamber, through the resonator cavity, 
where the spark triggered the ignition of the gases from the injector elements. The 
direct igniter is shown mounted on the test chamber in Figure 4. 1.2-2. This method 
eliminated the need to separately plumb fuel and oxidizer to the igniter. 

Table 4. 1.2-1 summarizes the direct igniter tests. Tests 
#121 through #124 resulted in successful ignition at a tank head idle mode pressure 
of approximately 25 psia. After approximately 0.3 seconds, the chamber pressure of 
the TCA was ramped from the tank head idle mode pressure to 100 psia. 

Based on the successful results of use of the direct spark 
ignition concept and to gather additional information on the reliability of the direct 
igniter during hot fire testing, the direct spark ignitor was used in the series of low 
and high pressure tests. The test plan for the thrust chamber assembly hot firings 
are presented in Section 3.3. 

4.2 Combustion Stability 

4.2.1 Earlier Aerojet work with various GO 2 /GH 2 injectors 
had demonstrated that combustion instability was not a serious problem with this 
propellant combination when used with gas-gas injector elements (see Table 4.2.1-I). 
Standard ATC design practice is to provide instability damping despite a benign 
propellant combination and chamber design. Acoustic cavities were the preferred 
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TCA HOT FIRE TEST SUMMARY 
MAIN CIRCUIT/DIRECT IGNITER 
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TABLE 4.2. 1-1 


TECHNOLOGY EXPERIENCE H 2 /0 2 GAS COMBUSTION 


Injector 

Element 

Type 

Contract 

Chamber 

Length 

(In) 

Number 

Of 

Elements 

Thrust 

Per 

Element 

Experimental 

ERE 

O-F-O Triplet 

NAS 3-14347 

(6) 

144 

10 

100 

F-O-F Triplet 

NAS 3-14379 

(3) 

72 

20 

100 

Premix Triplet 

NAS 3-14354 

(7.0) 

72 

20 

99.5 

Sm. Cup 

Premix Triplet 

NAS 3-14354 

(5.5) 

72 

20 

98.5 

Sm Cup 

Premix Triplet 

NAS 3-14354 

(3) 

36 

41 

98.4 

Deep Cup 

Coaxial Shear 

NAS 3-14354 

(5.5) 

42 

35 

97 

Coaxial Swirl 

NAS 3-14354 

(8.3) 

42 

35 

97 

-2 Zones 

NAS 3-14379 

(3) 

72 

20 

96.8 

(F-O-F Triplet) 

-1 Zones 

NAS 3-14379 

(3) 

72 

20 

n/* o 

SO .c 

(F-O-F Triplet) 

Coaxial Tube 

NAS 3-14352 

(5) 

54 

27 

96 

Tri Slot 

NAS 3-14352 

(5) 

16 

94 

93 
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stability device. The cavities were sized based on the chamber mode frequencies 
derived from chamber parameters and gas properties (see Figure 4.2.1-1). This 
preliminary design was then used as the starting point for a detailed analysis using 
the ICASE computer code (Reference 1). 

4.2.2 Acoustic Cavity Design 

The OTV TCA injector assembly incorporates 12 
identical cavities around the outer periphery of the injector (Figure 4.2.2-1). Cavity 
depth in the assembled condition is 1.25 inches from the bottom to the injector face. 
Two holes are drilled and tapped in each cavity case to accept screws to mount blocks 
that can reduce the cavity depth should tuning be necessary. No blocks were used 
during the test program as tuning was not needed. The screws are center drilled to 
admit hydrogen into the cavities for necessary cooling. The cavity entrance height 
was selected as 0.01 inch during the analysis. Actual dimensions are set by the 
injector-to-chamber assembly tolerances. No adjustment was made to the 
assembled entrance height of 1 .25 inches, but the opening could have been increased 
had testing proved it was needed. 

4.2.3 Pressure Data Collection 

Chamber pressure roughness was monitored by three 
Kistler high frequency pressure transducers. Data were recorded on both the digital 
data collection system and as an electro-optical signal trace on a strip chart. The strip 
chart has the advantage of avoiding all signal filtering that could mask the small 
pressure oscillations characteristic of combustion roughness. The vertical scale, 
however, is compressed to keep the signal on the strip chart. A better overall 
chamber pressure profile is generated from the digital data collection. An 
evaluation of combustion stability requires both. A typical pressure profile is shown 
in Figure 4.2.3-1. This was test #113, a test to 2000 psia chamber pressure. Total time 
for the test duration, which extends from Fire Switch to thermal cutoff, was 1.2 
seconds. The strip chart trace for the initial start transient is shown in Figure 4.2.3-2. 
The balance of the signal from Fire Switch (F.S.) +0.040 seconds to cutoff showed a 
smooth pressure rise with no anomalies. 
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Combustor Parameters 


• Chamber 
— Diameter 
— Length 

— Centerbody Diameter 

• Gas Properties 
— Sound Speed 

Acoustic Cavity Parameters 


Yields Chamber Mode 
Frequency 


Gas Properties 
(Coolant Rich) 
Temperature 


1 


Yields Cavity 
Sound Speed 


Cavity Width 
(From Design Data Base). 


Cavity Length 


7 


■ Preliminary Acoustic 
Cavity Design 


Detailed Analysis 


Preliminary Design Verified/Modified by ICASE Computer Code 


Figure 4.2.1-1. Methodology of Combustion Stability Analysis 
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Figure 4.2.3-1. OTV 3.0 K TCA Hot Fire Test #113 - 
2000 psia Chamber Pressure 


Figure 4.2.3-2. OTV 3.0 K TCA Hot Fire Test #113 - 

Kistler Hi Frequency Playback Start Transient 


4.2.4 Stability Evaluation 


Test #113 was atypical in that there was a cyclical 
pressure oscillation evident during the early start transient. Traces from other tests 
showed only the fluctuations caused by control valve "hunting" as the system 
corrected mixture ratio variations during the pressure rise. One such event is 
marked on Figure 4.2.3-2 at 0.235 seconds. At 0.350 seconds there was an oscillation, 
evidently combustion related, that damped in 40 mseconds. Peak-to-peak pressure 
variation is difficult to calculate from the data, but appears to be less than 40 psi. 

The low frequency (-100 Hz) indicates feed system coupling rather than activation of 
a chamber instability mode. The rapid damping indicates any such mode as having 
a narrow pressure range and nonpersistent characteristics. The balance of the 
pressure rise was very smooth with no evidence of roughness greater than 1 /2 of 1 
percent (the effective limit of resolution of the data). This was true for all tests. 

4.2.5 Conclusions 

1) Any start transient pressure oscillations were of 
low magnitude and quickly damped. 

2) Combustion roughness was less than 0.5% from 
early in the start transient to steady state. 

3) For normal start-up there was no evidence of 

combustion instability. 

4) Test durations were too short to evaluate 
sustained steady state stability. 

4.3 Injector Characteristics 

The injector element utilized is a modified 'T’-triplet premix, as 
discussed in Section 1.1.1. Two fuel streams impinge upon the oxidizer stream at 
90 • angles to form an element. Information summarized on the injector includes 
CdA coefficients and pressure drops for the two propellant circuits. Table 4.3-1 


143 



TABLE 4.3-1 


INJECTOR CdA COEFFICIENTS 
INITIAL VALUES 



Oxidizer 

Fuel 

Design 

0.1550 

0.1100 

Cold Flow 

0.1490 

0.1270 

Low Pc Hot Fire 

0.1390 

0.1359 



AFTER 

INJECTOR MODIFICATION 




Oxidizer 

Fuel 

Design 


0.1523 

0.1232 

Low Pc Hot 

Fire 

0.1700 

0.1630 

Cold Flow 


0.1709 

0.1630 

High PC Hot 

Fire 

0.1619 

0.1520 
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summarizes the CdA coefficients for the injector fuel and oxidizer circuits and 
compares the predicted value, cold flow value, and hot fire value before and after 
the injector modification. Uniformity of these values ensures consistency of the 
hardware between series of tests and/or test hardware modifications. 

Individual circuit pressure drops and CdA values are plotted 
versus flowrate and mixture ratio in Figure 4.3-1 and -2 for the fuel circuit, and 
Figure 4.3-3 and -4 for the oxidizer circuit. In Figure 4.3-1, a mixture ratio 
dependency is observed for the fuel pressure drop. Figure 4.3-2 illustrates the 
influence of mixture ratio on the CdA term. Less dependency is seen for tests with 
chamber pressures in the range of 200 to 1000 psia. Increased dependancy of the CdA 
term to Mixture Ratio at 2000 psia chamber pressure may be due to non-steady state 
conditions experienced. Due to the short test duration, tests at 2000 Pc did not reach 
steady state. 


The oxygen circuit characteristics appear to be less influenced by 
either MR or chamber pressure than the fuel circuit as evidenced by Figures 4.3-3 
and -4. 


Consistencies in the range of values for the pressure drop and CdA 
data between the low and high chamber pressure test series indicate little injector 
hydraulic performance variation. 

4.4 Chamber Thermal Characteristics 

4.4.1 Total Heat Load to Centerbody 

Table 4.4.1-I lists the heat flux summary for the 
centerbody. This data is presented in Figure 4.4.1-1 cross plotted versus axial 
distance from the injector face. A uniform increase in flux is noted with increasing 
chamber pressure. The range of mixture ratios (4-8) tested are presented in Figure 

4.4.1- 1. No discernable effect was noted from the mixture ratio variance. Figures 

4.4. 1- 2 through 4.4. 1-5 separate the data into respective mixture ratio ranges. 

Results of the low Pc test series were plotted as heat flux 
versus PC in order to project the flux profiles for the series of high PC tests (Pc = 2000 
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- Fuel Circuit 
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Injector CdA 


Fuel Circuit 




Mixture Ratio (0/F) 

Figure 4.3-2. Injector CdA Coefficient - Fuel Circuit 


147 




( POJ - PC )/ PC * 100 ( POJ - PC )/ PC *100 


Injector Pressure Drop 


Oxygen Circuit 



Flowrate (lbm/3ec) 


0.2 1 







u. i y 

a i o 







U. 1 o 







U. i / 







U.lb “ 

Aie; 







O °- 15 

O A 1 A 







U. 1 4 “ 
• AIT 







* u. u 

. * A 1 9 — 


□ 





O U. 1 z. “ 

Oil- 


R 

□ D 




\ 0-11 

A 1 — 


o 

n 

_ 



U. 1 

O A AQ — 


□ a 

□ 

a 



flL °* 09 

AAA — 



u 




j U.UO 

— A A 7 _ 







o u - u/ 

Q. A AC _ 







\J . L/O 

0 AS — 







U. U u 

0 04 — 







0 0'S — 




kl . A 



D no _ 




Not 

| 

e: — 

No MR or PC Correlation — 
Was Observed 

A A 1 — 




— i 

U.U 1 

0 - 








3 5 7 9 


Mixture Ratio (0/F) 


Figure 4.3-3. Injector Pressure Drop - Oxidizer Circuit 


148 






(Z_u|) xo yPD (z^u.) xo VPO 


0.2 
0.19 
0.18 
0.17 
0.16 
0.15 
0.14 
0.13 
0.12 
0.1 1 
0.1 

0 2 4 6 

Flowrate (Ibm/sec) 

0.2 
0.19 
0.18 
0.17 
0.16 
0.15 
0.14 
0 . 13 
0.12 
0.1 1 
0.1 

Mixture Ratio (0/F) 

Figure 4.3-4. Injector CdA Coefficient - Oxidizer Circuit 
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Table 4.4.1 -I. OTV Hot Fire Tests - Centerbody Heat Flux 


OTV MQT-f IRE TESTS 
HEAT FLUX 
IBtu/sec i n2 1 


TEST NG. 

MO 

144 

145 

Mb 

147 

149 

150 

151 

154 

155 

108 

109 

110 

111 

113 

114 

115 

HR 

4.1 

4.4 

5.8 

8.3 

6.2 

4.2 

5.3 

6.5 

7.5 

5.4 

4.6 

3.9 

5.7 

4.3 

4.7 

4.0 

5.9 

n 

197 

390 

391 

400 

517 

too 

570 

568 

529 

526 

1032 

1009 

1051 

514 

1908 

1896 

2044 


CENTERBODY TCB 


0.50 

90 

4.14 

5.04 

4.60 

3.89 

4.83 

5.99 

5.69 

5.33 

4.97 

4.90 

13.85 

15.59 

11.24 

7.50 

29.66 

30.19 

34.18 

2.30 

90 

2.98 

4.16 

4.12 

4.35 

4.83 

5. 78 

6.64 

6.62 

5.19 

4.94 

8.80 

7.37 

8.79 

8.22 

--- 

13.69 

15.03 

4.50 

0 

2.09 

2.62 

3,21 

3.38 

3.76 

3.70 

5.23 

5.51 

4.47 

3.71 

— 

— 

— 

— 

15.76 

7.49 

14.35 

4.50 

90 

2.11 

3.13 

3.43 

3.32 

4.04 

3.74 

5.45 

5.84 

4.56 

3.94 

6.08 

6.67 

6.12 

4.36 

10.35 

10.20 

10.49 

7.50 

0 

2.04 

2.79 

2.90 

2.93 

3.47 

4.46 

5.15 

5.49 

4.25 

3.44 

6.29 

6.15 

5.13 

3.46 

u. et 

11.64 

9.79 

7.50 

90 

2.53 

3.64 

3.34 

2.82 

3.69 

5.32 

6.43 

5.75 

4.83 

3.76 

9.58 

6.34 

5.26 

5.62 

12.28 

n. eo 

10.02 

11.30 

0 

2.01 

2.64 

2.93 

2.72 

3.35 

— 

— 

5.49 

3.90 

— 

7.12 

6.53 

5.26 

3.07 

12.48 

12.09 

10.68 

12.10 

0 

1.62 

2.74 

3.04 

2.60 

3.76 

4.29 

5.49 

5.65 

4.43 

3.77 

— 

— 

— 

— 

— 

— 

— 

12.10 

90 

1.70 

2.76 

2.97 

2.69 

3.06 

4.22 

4.11 

6.22 

4.61 

3.80 

5.59 

6.39 

5.22 

4.16 

11.36 

11.71 

10.00 

12.50 

0 

2.18 


2.16 

3.11 

3.40 

3.36 

4.85 

5.18 

5.05 

3.21 

8.03 

6.23 

7.77 

5.12 

M. 32 

13.54 

11.91 


f ■ ' r'.r % 

OF POOR Q^vAjuITY 
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HEAT FLUX PROFILE 



Figure 4.4.1 -1. Heat Flux Profile - Centerbody 
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HEAT FLUX PROFILE at MR - 5 


Centerbody 
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O 500 + 600 O 1 000 A 2000 <PC> 


Figure 4.4.1 -3. Heat Flux Profile at MR = 5 - Centerbody 
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to 2400). Figures 4.4.1-6 through 4.4.1-11 present the heat flux data versus Pc at each 
axial thermocouple location. Based on the centerbody heat flux data at the low 
pressure tests, the ability to achieve steady state duration tests at higher pressures 
tests can be evaluated. 


Using the relationship of Flux = Pc** 0.8, a line has been 
drawn to the 0.8 slope on plots 4.4.1-6 through 4.4.1-11. The station nearest the 
injector face (0.5 inches) exhibited a very high heat flux based on one thermocouple. 
A visual examination of the centerbody in this area showed the thermocouple still 
submerged, so the reading was not due to the thermocouple protruding into the hot 
gas stream. The copper surface in this area was blanched but not visibly melted as 
would be expected if the high heat flux was general and not localized. There is a 
possibility of some error in the thermocouple reading, but this seems unlikely. 

There is also a possibility of a pattern irregularity in one or more injector elements 
near the thermocouple due to a hydrogen passage flow blockage. This could be 
verified by a cold flow test of the elements in the area of the thermocouple. Until a 
cold flow can be performed on the injector to assess element blockage, the consensus 
is that the high heat flux was real but localized and likely caused by contamination 
in the hydrogen circuit to one or more elements. 

A second, smaller rise in flux is noted on the curved 
downstream face of the centerbody. There has been some concern expressed as to 
the presence of a stagnation area at the tip of the centerbody. Construction of the 
centerbody made provisions for variation of the length and proximity to the throat 
plane. In case high heat fluxes were encountered, the test plan initially had 
provision to vary the length to ensure a uniform environment. However, no 
further testing was conducted to study the environment around the centerbody tip. 

With the exception of these two locations where the flux 
is higher, results of the heat fluxes from the high pressure tests show the predicted 
heat fluxes to be within 10 to 20% as shown in Table 4.4.1-II. 
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LogO/AM/Moh2) 


HEAT FLUX va CHAMBER PRESSURE 



Figure 4.4.1 -6. Heat Flux vs. Chamber Pressure at 0.5" 
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Figure 4.4.1 -7. Heat Flux vs. Chamber Pressure at 2.3" 
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Figure 4.4.1 -8. Heat Flux vs. Chamber Pressure at 4.5" 
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Figure 4.4.1 -9. Heat Flux vs. Chamber Pressure at 7.5" 


160 










TABLE 4.4. 1— 1 1 


CENTERBODY HEAT FLUX VALUES 


Predicted Fluxes Actual Fluxes 


TC Locations 

from low PC Tests 

from Hiqh Pc Tests 

%A 

0.5 

12.6 

31.34 

59.8% 

2.3 

15.8 

14.36 

-10.0 

4.45 

10.7 

11.44 

6.5 

7.5 

10.0 

11.22 

10.9 

11.3 

9.1 

11.75 

22.6 

12.1 

8.3 

11.02 

24.7 

12.5 

7.9 

13.26 

40.4 



4.4.2 


Total Heat Load to Outerbody 


Table 4.4.2-I lists the heat flux summary for the 
outerbody. This data is presented in Figure 4.4.2-1 cross data plotted versus axial 
distance from the injector face. A uniform increase in flux is noted with increasing 
chamber pressure. The range of mixture ratios (4-8) tested are presented in Figure 

4.4.2- 1. No discernable effect was noted from the mixture ratio variance. Figures 

4.4.2- 2 through 4.4.2-5 separate the data into respective mixture ratio ranges. 

Results of the low Pc test series were plotted as heat flux 
versus Pc in order to project the flux profiles for the series of high Pc tests (Pc = 2000 
to 2400). Figures 4.4.2-6 through 4.4.2-15 present the heat flux data versus Pc at each 
axial thermocouple location. Evaluation of the curves from the low Pc tests also 
assist in determining if the outerbody configuration is adequate. Based on the 
outerbody heat flux data at the low pressure tests, the ability to achieve steady state 
duration tests at higher pressure tests can be evaluated. Using the relationship of 
Flux = Pc** 0.8, a line has been drawn of the 0.8 slope on plots 4.4.2-6 through 4.4.2-9. 
The data in Figures 4.4.2-10 through 4.4.2-15 indicate either a different slope or a 
slope change. In the convergent section this is the result of different boundary layer 
regimes for three different chamber pressure ranges, as illustrated in Figure 4.4.2-15. 
At low chamber pressures and Reynolds numbers the boundary layer can undergo a 
reverse transition from turbulent to laminar due to a significant history of high 
flow acceleration; in this regime the heat flux should be proportional to Pc 0.5. At 
intermediate chamber pressures the boundary layer is in the transition regime and 
heat flux is very sensitive to pressure. At high chamber pressures the boundary 
layer remains turbulent, but heat fluxes are lower than would be expected with no 
flow acceleration. 


The station nearest the injector face (0.5 inches) exhibited 
a slightly higher heat flux based on one thermocouple. With the exception of this 
location where the flux is higher, results of the heat fluxes from the high pressure 
tests show the predicted heat fluxes to be within 10% as shown in Table 4.4.2-II. 
Unfortunately many of the thermocouples were inoperative by the time these tests 
were run. 
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Table 4.4.2-I. OTV Hot Fire Tests - Outerbody Heat Flux 


TEST NO. 

140 

OTV HOT-FIRE TESTS 
HEAT FUJI 
(Btu/stc m2) 

144 14S 146 

147 

149 

150 

151 

154 

155 

109 

109 

110 

111 

113 

114 

115 

HR 

4.1 

4.4 S.8 8.3 

6.2 

4.2 

5.3 

6.5 

7.5 

5.4 

4.6 

3.9 

5.7 

4.3 

4.7 

4.0 

5.9 

Pc 

197 

390 391 400 

517 

600 

570 

see 

529 

526 

1032 

1009 

1051 

514 

1908 

1896 

2044 


OUTERBODY TC0 
0.75 0 

3.09 

4.22 

3.98 

3.99 

4.74 

6.08 

6.20 

6.19 

5.05 

4.86 

8.70 

B.82 

8.30 

6.44 

12.90 

13.67 

12.82 

0.75 

90 

2.76 

4.03 

3.74 

4.15 

4.46 

5.79 

5.75 

5.38 

4.95 

4.56 

8.63 

B.99 

8.17 

6.05 

13.10 

14.14 

12.06 

2.60 

0 

2.62 

3.55 

3.96 

4.55 

4.60 

4.88 

6.25 

5.B7 

5.34 

4.14 

7.27 

7.12 

7.88 

6.66 

12.47 

12.17 

11.66 

2.60 

90 

2.74 

3.77 

4.10 

4.68 

4.82 

5.00 

6.50 

6.03 

5.62 

4.46 

7.43 

7.31 

7.93 

— 

— 

— 

— 

4.75 

0 

2.01 

2,97 

3.05 

4.13 

4.41 

4.85 

4.25 

6.07 

4.34 

3.53 

6.89 

7.12 

7.21 

6.21 

12.51 

11.91 

11.39 

4.75 

90 

2.04 

2.97 

3.35 

4.07 

4.38 

4.89 

4.76 

5.39 

4.96 

3.64 

6.99 

7.04 

7.24 

5.98 

— 

— 

— 

7.00 

0 

1.43 

2.78 

2.77 

3.76 

4.47 

4.43 

5.39 

4.60 

4.83 

3.37 

6.97 

6.34 

7.55 

6. 46 

— 

— 

— 

7. BO 

90 

1.71 

3.06 

3.31 

3.77 

4.54 

5.24 

5.88 

6.23 

4.38 

3.49 

7,98 

7.43 

7.51 

5.79 

— - 

... 

— 

10.10 

0 

9.74 

5.44 

4.32 

3.43 

4.28 

6.74 

8.42 

7.10 

5.91 

4.56 

8.45 

9.52 

6.38 

9.73 

— - 

— 

— - 

10.10 

90 

2.45 

4.46 

4.06 

4.07 

4.78 

6.30 

7.52 

7.59 

5.81 

4.86 

— 

— 

— 

— 

— 

— 

— 

11.85 

0 

2.14 

2.81 

3.25 

3.76 

3.84 

4.10 

4.99 

6.07 

4.20 

3.71 

— 

6.05 
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5.34 

— 

— 

— 
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90 

2.03 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

--- 
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13.00 

0 

— 
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5.83 

6.58 
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4.47 

3.69 

— 

8.73 

7.79 

5.71 

— 

— 

— 

13.00 

90 

— 

2.96 

2.40 

3.00 

3.83 
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6.40 

6.19 

4.39 
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— 

8.63 
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Figure 4.4.2-2. Heat Flux Profile at MR = 4 - Outerbody 
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Figure 4.4.2-3. Heat Flux Profile at MR = 5 - Outerbody 
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Figure 4.4.2-4. Heat Flux Profile at MR = 6 - Outerbody 
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Figure 4.4.2-5. Heat Flux Profile at MR = 8 - Outerbody 
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Figure 4.4.2-6. Heat Flux vs. Chamber Pressure at 0.75" 
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Figure 4.4.2-7. Heat Flux vs. Chamber Pressure at 2.5" 
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HEAT FLUX vs CHAMBER PRESSURE 
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Figure 4.4.2-9. Heat Flux vs. Chamber Pressure at 7.8" 
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Figure 4.4.2-10. Heat Flux vs. Chamber Pressure at 10.1" 
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HEAT FLUX vs CHAMBER PRESSURE 
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Figure 4.4.2-11. Heat Flux vs. Chamber Pressure at 11.85" 
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Figure 4.4.2-12. Heat Flux vs. Chamber Pressure at 13.0" 
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Figure 4.4.2-13. Heat Flux vs. Chamber Pressure at Throat - 13.7 
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Figure 4.4.2-14. Heat Flux vs. Chamber Pressure at Throat - 14.3 
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TABLE 4.4. 2- 1 1 


OUTERBODY HEAT FLUX VALUES 


Location 

Preducted Fluxes 
from Low PC Tests 

Actual Fluxes 
from Hiqh PC Tests 

% A 

0.75 

14.1 

13.12 

-7.5 

2.8 

12.6 

12.1 

-4.1 

10.1 

12.6 



11.85 

8.7 




c-'b 
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Figures 4.4.2-16 through 4.4.2-18 give the pipe flow heat 
transfer correlation coefficient (Cg) axial profiles for various MR levels. The Cg 
value is obtained from the measured heat flux as follows: 

<D W Ref 02 Pr f 0- 6 

Cg: = 

Pf Pe cpf (T aw - T w ) 


O w = measured heat flux from thermocouple transient 
analysis 

Re = Reynolds number, pf p e D/Pf 
Pr = Prandte number 
p = Density 

|i e = Freestream velocity 
cp = specific heat 

Taw = Theoretical adiabatic wall temperature 
T w = Wall temperature corresponding to O w 

Subscript f devotes property evaluation at a film temperature defined as the average 
of adiabatic wall and actual wall temperatures. A cg of 0.026 corresponds to the 
simplified Bartz equation. 


All the Cg values appear to fall within a definitive 
region, averaging 0.04 for the outerbody and dropping off to 0.01 at the entrance to 
the throat. The Cg's were calculated at a 800 degree F wall temperature. A listing of 
the values are given in Table 4.4.2-III. Figure 4.4.2-15 presents the throat heat flux 
and includes the Cg throat values. Based on the consistency of the Cg data, actual 
heat fluxes at the throat were in the range of 60-80 Btu/sec in^ ; Predicted valves 
have been in the range of 100 Btu/sec in^. 

4.4.3 LH 2 Cooled Throat Performance 

The LH 2 cooled throat hardware was designed to mate 
with the heat sink chamber. The nozzle contour was designed to allow full flow at 
chamber pressures above 400 psia. A 15 degree half angle nozzle exit cone with a 
10:1 expansion ratio was selected in order to obtain coolant bulk temperatures in the 


182 












009 G £D 


l L. 


OTV CG OUTERBODY 


MR - 7.5 to 7.6 


V, 1 

0.09 - 











■ 

■ 

■ 

■ 

■ 

■ 

0.08 - 











■ 

■ 

■ 

■ 

■ 

■ 

0,07 - 











■ 

■ 

■ 

■ 

■ 

■ 

0.06 - 

















0.05 - 











□ 






0,04 - 

9 


u 

+ 


©■ 



c 

4 




r 


) 



0.05 - 



v> 


<> 



0 




* 





0 r*-> — 
0.01 - 













— 




















o -■ 

















’ 












— 

. 



O TEST # I 54 


AXIAL LENGTH FROM INJECTOR (IN) 

+ TEST #110 o TEST #115 


Figure 4.4.2-18. OTV CG Profile Outerbody at MR = 7.5 
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Table 4.4.2-IM. OTV Hot Fire Tests - CG @ 800°F 


OTV ROT-FIRE TESTS 
NON-RE ACTIVE C6 MOO F 


TEST NO. 

140 

144 

145 

146 

147 

149 

150 

151 

154 

155 

108 

109 

no 

111 

113 

114 

115 

NR 

4.10 

4.40 

5. BO 

8.30 

6.20 

4.20 

5.30 

6.50 

7.50 

5.40 

6.07 

5.11 

7.64 

5.68 

6.20 

5.21 

7.56 

PC 

197 

390 

391 

400 

517 

600 

570 

588 

529 

526 

1032 

1009 

1051 

513 

1907 

1895 

2044 


CENTER BODY TCB 


0.50 

90 

0.073 

0.051 

0.049 

0.049 

0.041 

0.044 

0.043 

0.041 

0.046 

0.041 

0.068 

0.076 

0.062 

0.064 

0.081 

0.082 

0.100 

2.30 

90 

0.052 

0.042 

0.044 

0.054 

0.041 

0.043 

0.050 

0.051 

0.048 

0.041 

0.044 

0.036 

0.048 

0.071 

— 

0.037 

0.044 

4.50 

0 

0.037 

0.026 

0.034 

0.042 

0.032 

0.027 

0.039 

0.043 

0.041 

0.031 

— 

— 

— 

— 

— 

— 

— 

4.50 

90 

0.035 

0.030 

0.033 

0.037 

— 

0.026 

0.038 

0.041 

— 

— 

0.030 

0.032 

0.034 

0.037 

0.028 

0.028 

0.031 

7.50 

0 

0.036 

0.028 

0.031 

0.037 

0.029 

0.033 

0.039 

0.043 

0.039 

0.029 

0.031 

0.030 

0.028 

0.030 

0.032 

0.032 

0.029 

7.50 

90 

0.042 

0.034 

0.032 

0.031 

— 

0.038 

0.045 

0.040 

— 

— 

— 

— 

— 

— 

— 

— 

— 

11.30 

0 

0.037 

0.028 

0.033 

0.035 

0.029 

— 

— 

0.044 

0.037 

— 

0.036 

0.033 

0.030 

0.027 

0.036 

0.034 

0.033 

12.10 

0 

0.033 

0.029 

0.034 

0.036 

0.033 

0.033 

0.043 

0.046 

0.042 

0.033 

— 

— 

— 

— 

— 

— 

— 

12.10 

90 

0.029 

0.027 

0.030 

0.031 

— 

0.031 

0.030 

0.045 

— 

— 

0.029 

0.032 

0.030 

0.037 

0.032 

0.033 

0.031 

12.50 

0 

0.043 

— 

0.026 

0.044 

0.032 

0.028 

0.041 

0.051 

0.053 

0.030 

0.044 

0.034 

0.048 

0.050 

0.044 

0.042 

0.040 


OUTERBODY TCO 


0.75 

0 

0.054 

0.043 

0.043 

0.050 

0.040 

0.045 

0.047 

0.048 

0.047 

0.041 

0.043 

0.043 

0.046 

0.055 

0.035 

0.037 

0.030 

0.75 

90 

0.046 

0.038 

0.036 

0.046 

— 

0.041 

0.041 

0.038 

— 

— 

— 

— 

— 

— 

— 

— 

— 

2.60 

0 

0.046 

0.036 

0.042 

0.057 

0.039 

0.036 

0.047 

0.045 

0.049 

0.035 

0.036 

0.035 

0.043 

0.057 

0.034 

0.033 

0.034 

2.60 

90 

0.045 

0.036 

0.040 

0.052 

— 

0.035 

0.046 

0.042 

— 

— 

— 

— 

— 

— 

— 

— 

— 

4.75 

0 

0.037 

0.030 

0.033 

0.052 

0.037 

0.036 

0.032 

0.047 

0.040 

0.030 

0.034 

0.035 

0.040 

0.053 

0.034 

0.032 

0.033 

4.75 

90 

0.034 

0.028 

0.033 

0.045 

— 

0.035 

0.034 

0.038 

— 

— 

— 

— 

— 

— 

— 

— 

— 

7.80 

0 

0.025 

0.028 

0.030 

0.047 

0.038 

0.033 

0.041 

0.036 

0.045 

0.028 

0.034 

0.031 

0.041 

0.056 

— 

— 

— 

7.80 

90 

0.028 

0.029 

0.032 

0.042 

— 

0.037 

0.041 

0.044 

— 

— 

— 

— 

— 

— 

— 

— 

... 

10.10 

0 

— 

0.055 

— 

0.043 

0.036 

0.050 

0.063 

0.055 

0.055 

0.038 

0.041 

0.046 

0.046 

— 

— 

— 

— 

10.10 

90 

0-041 

0.042 

0.039 

0.045 

— 

0.045 

0.053 

0.053 

— 

— 

— 

— 

— 

— 

--- 

— 

— 

11.85 

0 

0.040 

0.030 

0.037 

0.050 

0.034 

0.032 

0.040 

0.050 

0.041 

0.033 

— 

0.031 

0.034 

0.049 

— 

— 

— 

11.85 

90 

0.036 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

13.00 

0 

— 

0.020 

0.029 

0.035 

0.031 

0.045 

0.051 

0.054 

0.043 

0.032 

— 

0.044 

0.044 

0.051 

— 

— 

— 

13.00 

90 

— 

0.029 

0.024 

0.034 

— 

0.037 

0.047 

0.045 

— 

— 

— 

— 

— 

— 

— 

— 

— 


throat region which simulate the flight engine design where the coolant enters at a 
higher area ratio. Overall bulk temperature rise in the cooled throat hardware is 
determined by monitoring the thermocouples placed in the LH 2 inlet and exit 

manifolds. This only allows an estimation of the temperature rise at the throat. A 
graph of the bulk temperatures for tests #108 to #115 are shown versus time in 
Figure 4.4.3-1. 


Thermal analysis of the throat section geometry utilized 
ATC’s SCALER program for regeneratively cooled channels. SCALER (Reference 5) 
integrates the coolant energy and momentum equations and calculates local wall 
temperatures at selected locations along the flow path. Two-dimensional 
conduction effects around rectangular channels are accounted for by a coupled fin 
model of the wall. Different coolant heat transfer coefficients are associated with 
each fin in order to represent channel curvature effects and the variation with wall 
temperature. SCALER includes a design mode which defines channel depths based 
on wall temperature criteria. The coolant channels were sized to provide a gas side 
wall temperature in the range of 1260 to 1460 R at maximum pressure. Resulting 
backside wall temperatures were predicted to be in the 500 to 700 R range. 
Temperatures were measured on the backside wall at the throat, 1 inch upstream, 
and 1 inch downstream. Readings were obtained from two thermocouples at each 
location. The plots in Figure 4.4.3-2 through 4.4.3-4 show the temperatures to be in 
the 500 to 600 R range. 


The pressure drops through the regeneratively cooled 
channels were predicted using SCALER. The flight engine has a split fuel flow 
scheme where 83% of the flow is used to cool the throat. Separate plumbing was 
used in the test facility to deliver the required LH 2 flow to the throat based on the 
GH 2 flow to the injector. Actual LH 2 flowrates, pressures, and temperatures were 
input into the SCALER model to predict the expected pressure drops. The calculated 
friction factor is a function of surface roughness and Reynolds number. Inspection 
of the channels indicated a surface roughness of 25-40 microinches. Analysis of the 
pre-fire test data closely matched the pressure drops observed at a surface roughness 
equal to the average of the observed ranged (Figure 4.4.3-5) During the firing, 
changes in coolant temperature are reflected in the friction factor as the gas viscosity 
changes the Reynolds number. Surface roughness typically input in chamber design 
are in the range of 63 to 120 microinches. Comparison with the actual test data 
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OTV 3K COOLED NOZZLE 



Figure 4.4.3-1. Bulk Temperature Rise - OTV Nozzle 



Temperature (R) 


BackSide Wall Temperatures 



Figure 4.4.3-3. Backside Wall Temperature - 
1" Upstream of Throat 
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(isd) dojo 


Pressure Drop vs Flowrate 


Pre-Fire 



LH2 Flowrate (Ibm/eec) 

□ Predicted + Actual 

Figure 4.4.3-5. Pressure Drop vs. Flowrate - Prefire 
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(Figure 4.4.3-6) concurred with a 63 microinch roughness which indicates pressure 
drop predictions have been on the conservative side. Since the hydrogen coolant 
was warm enough to compress like a gas and the flow rate was proportional to 
chamber pressure, the hydrogen velocity was essentially constant and the pressure 
drop directly proportional to the hydrogen flow rate. 

Heat load versus LH2 flowrate is shown in Figure 4.4.3-7. 

4.5 Thrust Chamber Performance 
4.5.1 Specific Impulse Data 

Specific impulse information on delivered vs ODE 
predictions are presented in this section for the low (Pc = 200 to 600) and high (Pc = 
500 to 2000) series of tests. The low Pc tests were run from chamber pressures of 200 
to 600 with the MR varying from 3 to 8. With the test stand configuration and 
control valves, a 3 second duration test was felt necessary to achieve steady state 
conditions. A full 4 to 5 second duration was achieved for the 200 & 400 psia 
chamber pressure tests. Plots from the ODE computer model predictions are shown 
with the Isp delivered data in Figure 4.5.1-1. Also included in this figure are Isp data 
from the igniter low pressure tests series (Pc = 100 to 300 psia). Isp data are not 
represented for the 500 and 600 Pc tests as those at 600 did not reach steady state 
conditions and those at 500 Pc are marginal. 

The ODE curves shown in Figure 4.5. 1-1 are uncorrected 
for heat loss to the heat sink chamber. Test stand modifications made to the test 
stand between the low and high Pc series of tests replaced the control regulator 
valves in an effort to achieve steady state conditions within 1.5 seconds. Of the high 
Pc series of tests, those at 500 and 1000 achieved durations of 1.6 to 1.8 seconds. The 
tests at 2000 Pc only achieved durations of 1 to 1.3 seconds, and did not reach steady 
state conditions. 


The Isp data are presented for Pc = 500, 1000, and 2000 in 
Figures 4.5. 1-2, -3, and -4, respectively. The top curve on each plot is the ODE 
computer model predictions without corrections for heat loss to the heat sink 
centerbody and chamber. The second dashed curve is the ODE data with corrections 
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(Thousands) 


Cooled LH2 Throat 



LH2 Flow Rate (Ibm/eec) 

□ Predicted + Actual 


Figure 4.4.3-7. Cooled LH2 Throat - Heat Load vs. Flowrate 
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410 
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of 200 to 400 psia 


Curves: 


Pc = 500 
e = 10:1 


ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 
TDK (Perfect Injector Isp) 


Figure 4.5.1-2. isp vs. MR for PC = 500 psia 





Pc = 1000 
e = 10:1 

Curves: 

ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 

TDK (Perfect Injector Isp) 


Figure 4.5.1 -3. Isp vs. MR for PC = 1000 psia 
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Pc = 2000 
e = 10:1 


Curves: 

ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 
TDK (Perfect Injector Isp) 


Figure 4.5.1-4. Isp vs. MR for PC = 2000 psia 
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for this heat loss. The heat loss to the chamber walls and to the centerbody was 
derived by first determining the heat flow at specific thermocouple locations and by 
assuming the heat flow to be circumferentially constant at each thermocouple 
location. The heat flux utilized was the instantaneous data presented in Section 4.4. 


Ah, defined as: 


The heat loss term input to the ODE computer code is 


Ah (Btu/lbm) = Q tot/ w t 

where: Q tot = Heat flux (Btu/s) 

w t = Total propellant flowrate (lbm/s) 

The heat loss for the high Pc series of tests is greater 
(approximately 40 seconds) than it was for the low Pc series of tests (approximately 
20 seconds), due to the higher heat fluxes observed. The third dashed curve 
indicates the predicted Perfect Injector Performance which is defined as: 

Isp = Isp - losses 

perfect injector ODE 

where: losses = 

chamber heat loss + 
kinetics loss + 
nozzle divergence loss + 
nozzle boundary layer loss = 
nozzle heat loss + 
nozzle friction loss 

The TDK computer program was used to determine 
these performance losses. The modules used are shown in Table 4.5. 1-1. 

Tables 4.5.1-I through 4.5.1-III list the output from these 
modules for two representative tests at chamber pressures of 500 and 1000 psia. 
Overall ERE values (Isp - Delivered/ Isp - Perfect Injector) for the high Pc test series 
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Table 4.5.1 -I TDK Computer Program Modules Used in OTV Performance Analysis 
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TABLE 4.5.1-n 


ERE CALCULATION FOR TEST #147 
Test #147 

PC = 517 psia 

MR = 6.16 

w = 1.639 lbm/sec 

Ah = 915 Btu/lbm 

e = 4:1 

Isp (ODE) 386.1 (sec) 

Isp loss due to reduced propellant enthalpy 20.6 

365.5 

Isp (ODK) 

Kinetic Loss 1.0 

364.5 

Nozzle Boundary Layer Losses: (TDE/BLM): 

Friction 17 

Heat Loss + Divergence Efficiency 6.5 

Perfect Injector Isp 356.3 

Isp Delivered 356.2 

ERE = 356.2/356.3 = 99.97% 
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TABLE 4.5.1-m 


ERE CALCULATION FOR TEST #108 
Test #108 

PC = 1035 psia 

MR = 4.6 

w = 3.216 lbm/sec 

Ah = 1127 Btu/lbm 

e = 10:1 

Isp (ODE) 440.25 (sec) 

Isp loss due to reduced propellant enthalpy 40.25 

400.00 

Isp (ODK) 

Kinetic loss 1.33 

398.67 

Nozzle Bondary Layer Losses (TDE/BLM): 

Friction 2.6 

Heat Loss 8.81 

Divergence Efficiency 8.5 

Perfect Injector Isp 378.76 

Isp Delivered 385.2 

ERE = 385.2/378.76 = 101.7% 
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are given in Table 4.5.1-IV. ERE efficiencies in the range of 100.7 to 104.8% 
for Pc = 500 and 1000 psia were achieved in the steady state tests. The ERE values 
greater than 100% were attributable to uncertainties up to 20% in the estimation of 
Ah term. The TDK computer program itself is accurate to within 1% (Reference 4). 

Reduction of the initial data from the high Pc test series 
indicated anomalous flowrates. Inspection of the test facility resulted in the 
following compiled list of possible causes of flowrate anomalies. 

• Incorrect venturi diameter 

• Close proximity of fuel venturi flowmeter to control 
valve. (Approximately 6 inches) 

• Distance from point of flowrate calculation to 
injector delivery point. (Approximate 6 feet) 

• Compression of fuel and oxidizer in respective lines. 

• Temperature drop and resulting density changes 
from venturi flowmeter to injector manifold. 

During tear down of the test stand, the venturis were 
removed and inspected. The recommended venturi to be used for the high Pc series 
of tests had not been installed. This had been missed during the test stand 
preparations for the cooled throat tests and was not discovered until testing was 
complete. This affected the injector flow and mixture ratio values for the high Pc 
series of tests. The data was recalculated using the proper venturi dimension and is 
the test data presented. 


Compression of the fuel and oxidizer in their respective 
lines between the venturi flowmeter and the injector manifold was a concern, 
especially for the short duration tests. Based on the flowrate, temperatures, and test 
duration, a certain portion of the fuel and oxidizer went into filling the line until 
equilibrium was reached. A correction was made to the flowrates to compensate for 
this line filling. This correction had increasing effect on the flowrates from 500 to 
2000 Pc as the test durations decreased from 1.8 seconds to 1.6 seconds. No other 
corrections were made to the presented data. 
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TABLE 4.5.1-IV 


ERE Performance 


Test# 


Perfect Injector Isp (sec) Delivered Isp (sec) 


ERE (%) 


108 

379 

109 

382 

110 

371 

111 

367 

113 

384 

114 

388 

115 

377 


385 

101.7 

384 

100.5 

389 

104.8 

381 

103.8 

366 

95.3 

402 

103.6 

374 

99.2 
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4.5.2 


Characteristic Chamber Velocity Data 


Characteristic chamber velocity (C *) data on delivered vs 
ODE predictions are presented in this section for the low (PC = 200 to 600) and high 
(Pc = 500 to 2000) series of tests. The low Pc tests were run from chamber pressures 
of 200 to 600 with the MR varying from 3 to 8. With the test stand configuration and 
control valves, a 3 second duration test was felt necessary to achieve steady state 
conditions. A full 4 to 5 second duration was achieved for the 200 and 400 psia 
chamber pressure tests. Plots from the ODE computer model predictions are shown 
with the C* delivered data in Figure 4.5.1-1. Also included in the figure are C* data 
from the igniter low pressure tests series (Pc = 100 to 300 psia). C* data are not 
presented for the 500 and 600 PC tests as those at 600 did not reach steady state 
conditions and those at 500 Pc are marginal. 

The ODE curves shown in Figure 4.5.2-1 are uncorrected 
for heat loss to the heat sink chamber. Test stand modifications made to the test 
stand between the low and high Pc series of tests replaced the control regulator 
valves in an effort to achieve steady state conditions within 1 .5 seconds. Of the high 
Pc series of tests, those at 500 and 1000 achieved durations of 1.6 to 1.8 seconds. The 
tests at 2000 Pc only achieved durations of 1 to 1.3 seconds, and did not reach steady 
state conditions. 


The C* data are presented for Pc = 500, 1000, and 2000 in 
Figures 4.5.2-2, -3, and -4, respectively. The top curve on each plot is the ODE 
computer model predictions without corrections for heat loss to the heat sink 
chamber. The second dashed curve is the ODE data with corrections for heat loss to 
the chamber. This heat loss was determined as described in Section 4.5.1. The heat 
loss for the high Pc series of tests is greater (approximately 40 seconds) than it was for 
the low Pc series of tests (approximately 20 seconds), due to the higher heat fluxes 
observed. Data points from the tests indicate C* efficiencies (C*-del/ C*-ODE) in the 
range of 100.3 to 103.2% for Pc = 500 and 1000 psia tests, where steady state was 
achieved (Table 4.5.2-I). C* efficiencies greater than 100% are attributable to flowrate 
corrections as described in Section 4.5.1. 


206 


400 Pc 



(33S/1J) *3 


207 





Curves: 

ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 


Pc = 500 
e = 10:1 


Figure 4.5.2-2. C * vs. MR for PC = 500 psia 
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Pc 1000 

_ e - 10:1 

Curves: 


ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 


Figure 4.5.2-3. C * vs. MR for PC = 1000 psia 
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Curves: 

ODE (No Enthalpy Loss) 

ODE (Ah Loss Based on Heat Flux) 


Figure 4.5.2-4. C * vs. MR lor PC = 2000 psia 
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TABLE 4.5.2-I 


C* Performance 


Test # 

TDK C*ODE (fps) 

Delivered C*(fps) 

% C* 

108 

7545 

7569 

100.3 

109 

7380 

7576 

102.5 

110 

7100 

7316 

103.0 

111 

7109 

7338 

103.2 

113 

7515 

7485 

99.6 

114 

7630 

7459 

97.8 

115 

7280 

7426 

102.0 
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5.0 


Results And Conclusions 


5.1 Post-Test Photographs 

Photographs of the injector and chamber have been included to 
document the post test condition of the hardware. The injector face is shown in 
Figures 5.1-1 with a closeup of the elements in Figure 5.1-2. The injector face is in 
good condition with no evidence of erosion around the elements. The condition of 
the centerbody can be noted in Figure 5.1-1 and 5.1-3. Erosion of the centerbody was 
noted at approximately 2.6 inches out from the face of the injector. It is not known 
at this time what specifically caused the erosion of the centerbody. Possible causes 
include: 


• Misalignment of the copper segments 

• Injector element providing higher heat fluxes than predicted 

• Contamination of the injector causing localized hot spots 

• Contamination of the Hydrogen bleed holes preventing 

• adequate cooling of the centerbody. 

In order to understand the cause of the damage to the centerbody 
and higher than predicted heat fluxes, the injector will need to be re-cold flowed. 
This will given an opportunity to compare the Kw values of the injector with those 
obtained prior to hot fire testing. This will indicate if any contamination in the 
injector manifolds or elements has occured. Cold flow tests will also give an 
opportunity to visually inspect the injector flow pattern and bleed holes. If the spray 
is non-uniform, this may have been the cause of localized hot spots. This also will 
give an indication of the possible presence of contamination. If no contamination is 
present, then redesign of the injector element will be necessary to provide a more 
benign environment for the chamber walls. 

Figure 5.1-4 shows the throat from the chamber view. Figure 5.1-5 is a view of the 
throat from the outer view. No damage to the copper hardware is noted. 
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Figure 5.1-5. Throat from Nozzle View 
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5.2 Conclusions 


The objective of this program has been to develop and verify the 
design of a Thrust Chamber Assembly (TCA) to be used in Aerojet's OTV engine 
dual propellant expander cycle. The dual propellant expander cycle utilizes 
preheated hydrogen to drive the turbopumps and preheated oxygen to drive the 
oxygen turbopumps thereby eliminating the need for interpropellant seals. The 
Aerojet OTV TCA concept consists of a hydrogen cooled chamber, an annular 
injector, and an oxygen cooled centerbody. To provide adequate heating of the 
propellants without utilizing regenerators, a high heat flux regenerative cooled 
combustion chamber and centerbody were baselined for the TCA design. 

Injector element selection was based on meeting the Isp 
requirement of 490 seconds. A pre-mix "I" triplet element pattern was selected based 
on previously demonstrated high mixing efficiencies with energy release efficiencies 
(ERE) approaching 100% in a relatively short mixing length of 7 inches. 

Analysis supported a "mini" channel design for hydrogen 
regenerative cooling of the combustion chamber. To meet the cycle life requirement 
of 500, minimization of the wall and differential temperatures was necessary. 
Minimization of the temperatures was achieved by the machining of 0.01" wide 
channels with 0.011" wide lands at a maximum aspect ratio of 10. The gas-side wall 
was 0.02" thick. Plating techniques for Ni-Co, a high strength nickel alloy, were 
developed which resulted in a lightweight, thin (0.018") closeout. Demonstration of 
the fabricability issues were achieved with the completion of a LH2 regenerative 
cooled throat segment. 

Verification of the design was achieved with hot fire testing of a 
heatsink version of the chamber with only the throat section using hydrogen 
cooling. Hydraulic performance of the injector and cooled throat were verified by 
water flow testing prior to TCA assembly. The cooled throat was proof tested to 3000 
psia to verify the integrity of the co-deposited EF Nickel-Cobalt closeout. 

Fourteen heat sink tests were completed at chamber pressures of 85 
to 359 psia. The injector face was modified to add more face coolant flow and ten 
more tests were run at chamber pressures of 197 to 620 psia. The cooled throat was 
installed and seven more tests run at pressures up to 2275 psia. 
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Results of the chamber thermal characteristics indicated outerbody 
flux levels on the order of 13 Btu/sec in• **2 for the 2000 Pc tests. This was 10% lower 
than what was predicted based on the lower Pc tests using the relationship of Flux = 
Pc** 0.8. However, based on the overall design requirement of flux levels equal to 
10 Btu/in2 in the barrel section of the chamber, the outerbody flux was 23% higher. 

Centerbody flux levels were exceptionally high for the higher Pc 
tests. Two particularly hot areas were noted, 0.5 inches from the face of the injector, 
and on the tip of the centerbody. These flux levels averaged 40 to 60% higher than 
what was predicted from the low Pc set of tests and roughly 69% higher than the 
design flux level of 10 Btu/in2. 

The flux levels measured in the throat indicated levels of 60 to 80 
against the design flux of 100. This gave confidence to the testing with the 
regeneratively cooled nozzle. Performance of this component compared favorably 
with the analytical predictions. 

Variations in heat flux proved to be proportional to the chamber 
pressure for the centerbody and the outerbody. Mixture ratio effects were not 
noticeable as the plots indicated in Sections 4.4.1 and 4.4.2. This supports the intent 
to operate the thrust chamber assembly over a wide range of operating conditions 
with a minimum wall temperature variation during operations. 

Performance data from the low Pc set of tests indicated an injector 
element ERE of virtually 100%. This parameter is difficult to assess for high Pc set of 
tests due to the uncorrectable flow measurement anomalies which include: 

• Close proximity of fuel venturi flowmeter to control valve 
(Approximately 6 inches). 

• Control valve may have had some influence on the flow 
through the venturi. 

• Distance from point of flowrate calculation to injector delivery 

point (Approximate 6 feet). 
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• Absence of thermocouple prevents accurate estimation of the 
temperature drop and resulting density changes from venturi 
flowmeter to injector manifold. Longer duration tests may 
have given propellant temperatures a chance to equalize, 
shorter tests probably had more of a temperature drop, thus 
more impact on flow calculation. 


Heat flux levels for the outerbody were within 25% of the design 
goal at this element efficiency. Further refinement of the element can be made to 
improve wall compatibility and should be pursued. A large data base of test 
conditions is necessary to assess the data scatter in the three tests within the 1000 and 
2000 psia chamber pressure range. 

The gas-gas injector proved to be stable over the range of operating 
conditions of chamber pressure from 100 to 2000 and mixture ratio ranges from 3 to 
8. Injector parameters of CdA and pressure drop were consistent over the range of 
tests. 


5.3 Recommendations 

Further work is recommended to continue characterization of the 
injector element design. By slight modifications to the injection angles of the fuel 
circuit, it should be possible to lessen the heat flux thereby improving wall 
compatibility without degradation of combustion performance. 

Any follow-on test program should add more thermocouples to the 
outerbody and centerbody to ensure that heat flux readings are not being based on 
localized hot spots. Examination of the hardware gave no indication of streaks 
despite the indicated localized high heat fluxes. 

Longer test durations would enable steady state conditions to be 
achieved at the higher chamber pressures. The control valves in the test stand did 
not respond as quickly as desired. Due to the slow ramp-up times during the tests, 
temperature shutdowns occurred very shortly after the nominal thrust levels were 
obtained. Investigation into higher response control valves or an alternative 
approach to propellant flow control would allow the ramp time to be shortened. 
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